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ABSTRACT

Radiation dose distribution measurements have been carried out by the Naval Surface

Warfare Center (NSWC) using 200 and 391 MeV electron beams completely penetrating

layers of Aluminum, lead and aluminum, polymethyl methacrylate (PMMA), and PMMA

sandwiching an air gap. For the case of 391 MeV electrons, the results have been compared

previously to the corresponding distributions predicted by the Monte Carlo simulation codes

EGS3 and ACCEPT [Ref. 1]. Those measurements/predictions for 391 MeV are here

compared to predictions by the CYLTRAN electron/photon transport code, and the 200 MeV

measurements done by NSWC are compared to CYLTRAN calculations. The CYLTRAN

code predictions agree well with measurements at 391 MeV. Comparison of CYLTRAN

calculations with the NSWC results for 200 MeV indicates possible saturation of the

detectors used to take the measurements. The distribution of energy dose within the target

has a large dependence on the location of the air gap. The variation in dose distribution is

caused by the change in target geometry resulting from insertion of the air gap.
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I. INTRODUCTION

The objective of this work is to test the ability of a

computer model, using the Integrated Tiger Series (ITS) code,

to accurately predict the behavior of radiation cascades

caused when a high energy electron beam traverses a solid

target. The approach used has been to study experimental

measurements, construct a computer model suitable for use as

input to the ITS simulation code system, run the code, and

compare the results to the measurements. In order to

understand the approach taken in the construction of the

computer model forming the basis of this work, some details of

the experiments to which the model will be compared must be

examined.

A. BACKGROUND

Researchers from the Naval Surface Warfare Center (NSWC)

have conducted experiments at the Massachusetts Institute of

Technology, Bates Linear Accelerator Center to measure the

three-dimensional spatial distribution of energy deposited by

radiation showers in a multilayer, multi-element target stack

when the target is bombarded by a high energy electron beam

[Ref. 1, 2, and 3]. The experiment by NSWC was conducted using

200 MeV and 391 MeV electrons incident on four separate target

stack configurations. The results of the 391 MeV experiment

were compared with energy deposition distributions calculated
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using two different Monte Carlo electron transport model

computer codes, EGS3 (Electron-Gamma Shower, Version 3) and

ACCEPT. The EGS (for Electron-Gamma-Shower) system of

computer codes is a general purpose package developed by the

Stanford Linear Accelerator Center (SLAC) for the Monte Carlo

simulation of coupled electron and photon transport in

arbitrary geometry. ACCEPT is one of a series of codes based

on ETRAN [Ref. 5] called the Integrated Tiger Series (ITS),

developed by Sandia National Laboratory [Ref. 4].

The target materials examined in the NSWC worn were

Aluminum, Lead followed by Aluminum, Polymethyl Methacrylate

(PMMA, also known as Lucite or Plexiglass), and PMMA

sandwiching an air gap. Target plates of roughly equal

thickness were constructed of each type of target material.

These 5 or 6 plates were stacked together to make target

stacks. Each target stack was configured so that the total

target thickness, expressed as the areal mass density, was

approximately 50 g/cm2 . A schematic of a target stack as

configured for the NSWC experiments is shown in Figure 1.

Interspaced at regular intervals in the target stack were

planar arrays of Lithium Fluoride Thermoluminescent Dosimeters

(TLDs). The TLD arrays consisted of 88 individual dosimeters,

0.1cm in diameter, 0.3cm in length, arranged in concentric

annular patterns with their centers along the beam axis, and

were designed so as to measure the amount of energy deposited
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(dose) as a function of radial distance from the beam at

several positions along the length of the target stack.

The target stacks were irradiated by electron beams of 200

and 391 MeV. The results obtained in the work by the NSWC form

the basis of this work and are repbrted in references 1 and 2

for 391 MeV, and in Reference 3 for 200 MeV.

The work by NSWC included a comparison of the 391 MeV

measurements to predictions by two Monte Carlo electron/photon

shower simulation ccdes, EGS3 and ITS/ACCEPT. This comparison

led the res.iar(hers at NSWC to three specific conclusions

(these conclusions pertained only to the 391 MeV data). The

NSWC conclusions are summarized below. [Ref. 1-3]

"* CYLTRAN and EGS3 both predicted values for the dose
distribution that agreed well with measurements except in
the PMMA target configurations with an air gap.

"* Neither ACCEPT nor EGS3 was able to accurately predict the
dose distribution in the PMMA configurations with an air
gap. The codes predicted doses as much as 100% larger than
the measurements.

"* The dose distribution in the PMMA target stacks was
largely dependent on the location of the air gap within
the stack.

In comparison of the results from the present work to

those from the NSWC work, the following conclusions have been

reached.

"* CYLTRAN predictions agreed well with the 391 MeV data
taken by NSWC with no exceptions. Even though the dose
distribution in the target configuration with an air gap
varied with the location of the air gap, CYLTRAN was able
to predict the dose.

"* The variation in dose distribution caused by changing the
location of the air gap seems to be a geometry effect.
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This conclusion was drawn from the results obtained by
comparing the dose in a target with an air gap to that
obtained when the air gap was replaced by a void, and
finding that they were identical.

0 A comparison of the NSWC 200 MeV data to CYLTRAN
calculations was done. This was a new comparison since the
NSWC work had not compared the data to a transport code at
this energy. CYLTRAN produced results that agree very well
with the data at 200 MeV except for on-axis measurements
in two target configurations (PMMA and Lead followed by
Aluminum). Analysis of these results indicates that the
dosimeters used to take the data may have been saturated.

B. SOME CONSIDERATIONS IN ELECTRON TRANSPORT MODELING

1. Electron Step Size

The number of collisions undergone by an electron as

it passes through a target are too numerous, except possibly

at very low electron energies, to allow treatment of

individual collisions even by the most powerful computers.

Instead, the electron path through the material is divided

into discreet segments in which a large number of collisions

occur. The smaller pathlengths, or steps, allow the

calculation of energy deposition by the sampling of net

angular deflection and net energy loss using the appropriate

multiple scattering approximation (the Goudsmit-Saunderson

approximation for the ITS CYLTRAN code [Ref. 5]) and a

"condensed history model" approach [Ref. 6].

Seltzer explains that the step size is chosen by the

code user by weighing a set of conflicting requirements. The

steps should be short enough that (1) most of the steps in the

5



electron history are completely inside the target so that the

use of multiple-scattering theories for unbounded media are

appropriate, (2) the average energy loss is small so that the

use of one-velocity multiple-scattering distributions is

justified, and (3) the net angular deflection is, on the

average, small so that the spatial displacement for the step

can be approximated closely by a straight line. The steps

should be long enough that (1) there are a sufficient number

of collisions per step to justify the use of multiple-

scattering theories, and (2) the number of steps per history

is not too large. [Ref. 7]

The portion of the ITS code package that generates

cross-section data for the transport code to use in its

calcula1-ions is called XGEN. The step size is determined

during the execution of XGEN, in the cross-section generation

process, so that it satisfies the relation

1

E1 .1=2 kE (E)

The value k=8 is chosen by default in XGEN, the ITS

cross-section generating program, so that in passing through

a given step, an electron will lose 8.3% of its energy [Ref.

8].

Translation of the percentage decrease in electron

energy to an equivalent physical step length is done by

assuming the electron slows down continuously over the step.

The step size is given as

6



sn=r0 (E,) -r0 (En.,) , (2)

where ro is the electron range at the initial and final

energies in the step as given by the continuous-slowing-down

approximation.

2. Electron Radiation Length

It is convenient, in considering the passage of

electromagnetic radiation through material, to measure the

thickness of the material in terms of the radiation length. In

most processes, some or all of the dependence on the medium is

contained in the radiation length. The radiation length is

defined as that distance 4 over which a high energy electron

is slowed to a fraction equal to 1/e of its original energy.

The values of radiation length for electrons for materials of

interest in this work are given in Table I. The table gives

values of radiation length in units of cm and g/cm2 , the

latter being the product of the former and the density of the

material.

Table I. RADIATION LENGTHS FOR SELECTED MATERIALS [Ref. 9]

Material Rad. LenQth (cm) Rad. LenQth (q/cm2)

Aluminum 8.9 24.01
Lead 0.56 6.37
PMMA 34.4 40.55
Air 30420 36.66
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3. Thin Film Scattering

The experimental work on which this work is based

involved a target stack configuration with an air gap between

two sections of solid material (Lucite). The possibility was

explored in the present work that the ITS code might better

predict doses in air if the air gap were treated as a thin

film, due to the low density of air, and the long radiation

length of an electron in air. Most electron/photon transport

codes in current use, including the ITS series of codes, are

subject to the constraint that they must be used in situations

where the material depth exceeds the step size calculated for

the electron as it traverses the material. The Goudsmit-

Saunderson theory breaks down in the limit of small material

thicknesses (thin films). Work in this area has produced the

Jordan-Mack correction to the CYLTRAN code to correct the

multiple scattering distribution in the code to give better

agreement with measurements for thin film targets. [Ref.3, pp.

14-16] The effect of the Jordan-Mack correction, which can be

applied to the CYLTRAN code by the user, was investigated in

this case to determine if the same sort of thin film

phenomenon might be involved in electron transport through an

air gap.

C. OVERVIEW OF ITS

The Integrated Tiger Series of computer codes was

developed over the last 20 years at the U.S. Department of

8



Energy's Sandia National Laboratory for use in the simulation

of electron/photon transport through various materials. ITS is

based primarily on ETRAN (for Electron TRANSport), which was

developed by the National Bureau of Standards [Ref. 7, p.

249]. The codes forming the basis of ITS are TIGER, CYLTRAN,

and ACCEPT. The three codes differ primarily in that (1) they

treat problems in different dimensionalities and (2) they are

designed to handle different problem geometries. The TIGER

code is confined to the analysis of problems in one dimension.

The three-dimensional codes, CYLTRAN and ACCEPT, have been

applied in this work and will be explained in further detail

below.

1. CYLTRAN

CYLTRAN, a fully three-dimensional transport code

employing cylindrical geometry, is a natural choice for

simulating problems involving electron beam sources. A

complete description of the ITS-CYLTRAN code system is

provided in Appendix A.

CYLTRAN enables the code user, relatively easily, to

break a target with cylindrically symmetric geometry into an

arbitrary number of zones and will determine the energy

deposited in each zone by a beam of electrons (as in this

case) or photons. The decision of the fineness of division of

the target into zones must be balanced against the need for

timely results, as the cost for more (or finer) zones is

9



longer run time in executing the CYLTRAN code. The CYLTRAN

geometry allows the electron beam to be incident on the

cylinder at any arbitrary point and from any direction. The

CYLTRAN code has no ability to present results in a graphical

form. The user must provide the resources to take the output

from CYLTRAN (which by default is manageable, but can be quite

lengthy) and manipulate it either manually or electronically

into a form which can be analyzed graphically or in some other

manner.

In this work, the CYLTRAN code was given an input file

which gave geometry data defining the boundaries of the

desired number of target zones. The ensuing code calculations

produced a formatted output file containing the energy

deposition distributions and other code results. This output

file was read by an interactive program written in the

Interactive Data Language (IDL), which manipulated the

appropriate geometry data and energy deposition distributions

into plottable formats for analysis.

2. ACCEPT

ACCEPT is a fully three-dimensional electron/photon

transport code which is applicable to problems of any geometry

using a combinatorial geometry scheme. While the combinatorial

geometry system makes ACCEPT more complex to use, its basic

computational algorithms are identical to those in CYLTRAN and

10



the two should give identical results, as long as the problem

geometry allows the use of either code.

11



II. SIMULATION PROCEDURE

A. GENERAL PROCEDURAL APPROACH

As mentioned previously, references 1 through 3 reported

the results of measurements taken by NSWC, and also reported

the results of the comparison of measurements at 391 MeV beam

energy with dosages predicted by two different Monte Carlo

electron-photon transport simulation codes, EGS3 and ACCEPT.

The measurements taken by NSWC, reported in reference 3, were

not compared to any computer code calculations.

The NSWC results reported in references 1 through 3 were

modeled in this work using the CYLTRAN member of the ITS code

package. The CYLTRAN code was run on a DEC VAXStation 3200

minicomputer using VAX Fortran. The results of the CYLTRAN

runs were read and plotted by a program written for this work

using the Interactive Data Language (IDL), a commercially

available graphics package marketed by Research Systems,

Incorporated. A user's guide and the source code for the IDL

program written for the manipulation and plotting of the

calculations done in this work are attached as Appendix B.

Although the target stacks used in the NSWC experiment

were actually rectangular, or box-shaped, the homogeneous

nature of the target stack materials and the use of a normally

incident, monoenergetic electron beam suggested that the

12



targets be modeled as a right circular cylinder with the

electron beam (which is taken to be a "point" beam) traveling

along the cylinder's longitudinal axis and incident on the

face of the cylinder. This geometry allowed the natural use

of the CYLTRAN member of the ITS code with its simpler input

stream. Figure 2 is a schematic of the target model in the

case of the NSWC target consisting of PMMA sandwiching an air

gap located downstream of the fi'st 10 g/cm2 of target

material.

The first runs of the CYLTRAN code were intended to

determine whether CYLTRAN in fact produced the same results,

within statistical expectations, as those obtained at NSWC

using ACCEPT. The •nief concern in these runs was the

prediction of the dose in the TLDs interleaved between each

target 'slab' along the length of the target, as opposed to

later simulation runs, which would divide the target stack

into many more zones, attempting to resolve in greater detail

what was happening to the electron energies as the particles

progress through the target. For reasons of distinguishing

between the degree of fineness of the zones, these first

target geometries were called "low resolution targets" and the

corresponding CYLTRAN runs were called "low resolution" runs.

After the initial low resolution CYLTRAN runs had been

completed, a series of runs was done to determine how the dose

in the air gap and the layers of PMMA surrounding it responded

to changes in various model characteristics. The

13
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Figure 2. Low Resolution Target With a 39cm Air Gap Downstream
of One PMMA Targc.c Section. This target is called a low
resolution target because te target material itself is not
resolved into zones in which the dose is evaluated.

characteri .cs which were varied for comparison were the

number of CYLTRAN input zones, the number of primary electron

histories to be followed by CYLTRAN, the scattering angle

appr ximation used in the code, and the location of the air

gap.

CYLTRAN allows the user to determine the number and

location of spatial zones to be monitored within the target

cylinder. The user simply places into the input data file

geometry data specifying the location of zone boundaries (in

the terminology used by the ITS system, each zone is called an

14



"input zone"). One can treat the entire target cylinder as a

single input zone or divide the target cylinder into hundreds

of finely divided input zones and track the dose deposited in

each zones, if so desired. In this series of runs, the CYLTRAN

model cylinder and its target sections were divided into

small, highly resolved "input zones". Each section of target

material was divided longitudinally into 10 slices of equal

thickness, and the 39cm air gap was divided into 13 slices,

each having a thickness of 3cm. Each slice in all materials

was itself divided into 12 radial zones to identically match

the radial locations of the LiF TLD's used in the NSWC

experiments. The resultant large number of input zones (828 in

the case of PMMA sandwiching a 39cm air gap, 660 for all other

configurations considered here) allowed CYLTRAN to track the

energy deposition at a much finer scale, and a "high

resolution" view was obtained of the energy dose in the target

as a function of radius and depth. Figures 3 and 4 compare the

zoning of the low resolution and high resolution cases.

The high resolution zoning approach to the CYLTRAN model

was applied to all targets of concern in the NSWC experiment

in order to better assess the performance of CYLTRAN in

predicting the measured dose.

Some CYLTRAN runs were done to test the plausibility of

the idea that the air gap could be treated as a thin film. The

Jordan-Mack thin film scattering correction to the ITS codes

was applied to CYLTRAN. Runs were conducted on one of the

15



Target Section

Figure 3. Low Resolution Target Section and Dosimeter Array

Target Section

Figure 4. High Resolution Target Section and Dosimeter Array

16



targets of concern. The results of this run were compared to

the results for the same target obtained from CYLTRAN without

the correction applied to assess the correction's effect, if

any, on the dose distribution in the air gap.

It was of some interest in this work to evaluate the

statistical uncertainty involved in the CYLTRAN calculations,

and to get some idea of how this uncertainty changed with the

choice of input parameters. Of particular interest was the

question of how the CYLTRAN-calculated dose in the target

varies with a change in the number of primary electrons. To

this end, it was necessary to consider how many electrons

would be sufficient to statistically represent the real

experiment. In the NSWC experiments, the targets were exposed

for 10 to 20 seconds to a 0.1A current. This translates to a

total of from 1.6x10 13 to 3.2x10 13 electrons. Diagnostic

CYLTRAN runs on the Digital VaxStation 3200 used in this work

indicated that, with a baseline run time of about 2 hours for

10,000 primary electrons, increasing the number of primary

electrons 10 fold to 100,000 would require a run time of about

24 hours, or a factor of 10 increase in computer run time.

Changing the number of primary electrons from 10,000 to

100,000 causes a decrease in uncertainty from 20-50% in the

former case to 10-20% in the latter (for all materials in this

work except air). Due to relatively low value of uncertainty

for 100,000 electrons, and to the fact that any further gains

in the level of certainty would cost dearly in computer run

17



time, a CYLTRAN run with 100,000 electrons was decided to be

sufficiently representative of the real beam. The CYLTRAN runs

for the high resolution target were repeated using 100,000

electron histories and the impact of the gain in statistical

certainty was assessed.

B. NEW ANALYSIS FOR 200 MEV ELECTRONS

Reference 3 listed the measurements obtained in

experiments using 200 MeV electron beams. Data was reported by

NSWC on the three target stacks consisting of only Aluminum,

Lead followed by Aluminum, and PMMA. Computer simulations had

not been done previously against this data. As part of this

work, CYLTRAN runs were performed to see how well CYLTRAN

would predict the dose distribution at this energy.
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III. RESULTS AND DISCUSSIONS OF PREVIOUSLY ANALYZED DATA AT
391 MEV

A. RESULTS WITH CYLTRAN CORRECTED FOR THIN FILM SCATTERING

The Jordan-Mack correction for use in correcting the ITS

code to accurately predict energy deposition in thin films,

when applied to CYLTRAN in this work, has no effect on the

dose distribution in any of the target configurations

considered. This is an indication that, if the codes are

inherently unable to treat an air gap at high energies, that

inability is not related to any inability to handle thin film

scattering phenomena.

B. GENERAL COMPARISON OF CYLTRAN TO ACCEPT AND NSWC DATA

Reference 1 reported dose distributions in the target

stack as predicted by ACCEPT. ACCEPT calculations were

reported for dose in the LiF dosimeters at 6 longitudinal

points along the stack in the case of the 2 targets with PMMA

sandwiching an air gap, and for 5 points along the stack in

the cases of the other targets (PMMA, aluminum, and lead

followed by aluminum). Figures 5 through 9 show the results of

predictions calculated using CYLTRAN (it is important to note

that figures 5 through 9 show points calculated at a few

discreet points along the length of the cylinder corresponding

to the longitudinal depths at which the NSWC data were taken.
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Lines drawn between the points are shown only to help

distinguish between sets of calculations/data). These

calculations were done using the "low resolution" model

detailed in Chapter II so that a fair comparison could be done

between the two sets of calculations. Generally, agreement

between the NSWC data and CYLTRAN calculations is good to very

good. Discrepancies between the code and experiment seems to

be greatest at a radius of 5 cm. In view of a statistical

uncertainty at this radius of 20 - 40 percent, however, the

discrepancy may not be significant. ITS calculations, in all

target materials, agree very well for radii in the range from

the axis to about 2 cm.

CYLTRAN scores a dose by whether it was deposited by a

primary, knock-on, or gamma-secondary electron. Analysis of

the CYLTRAN calculations shows that dose on axis is due almost

totally to primary electrons. At a radius of 20 cm, the dose

is due mostly to gamma-secondary electrons. The doses in

between are due to various combinations of primary and gamma-

secondary electrons. Knock-on electrons have only a minor

contribution in all cases.

ACCEPT and CYLTRAN give results that vary by little in

most cases. However, in some cases, especially as the radius

approaches 20cm, the two codes seem to give widely varying

answers. It has been noted previously that ACCEPT and CYLTRAN

have the same transport physics as their basis, so their is no

reason to believe the two codes should produce widely varying

20
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results. However, when consideration is given to the fact

that, at 20cm radius the uncertainty in the calculations can

be as high as 50%, the variation between the results is not

that surprising. That is, ACCEPT and CYLTRAN seem to be within

the statistical uncertainty of each other.

C. EFFECT OF AIR GAP LOCATION ON TARGET DOSE DISTRIBUTION

If an air gap is inserted in the target stack, there is a

marked variation in the dose distribution. Th- dose in the

portion of the target material on or close to the beam axis

doesn't change significantly. However, as one looks at the

results at distances away from the axis, the dose in any

particular section of target material is significantly

affected by whether or not it is preceded in the longitudinal

direction by an air gap. As the air gap is moved to a

different depth in the target stack, the dose in the material

preceding the air gap is reduced. However, the section of

target material immediately following the air gap receives a

higher dose than that which would have been received if the

air gap were not there. Both of these effects are increasingly

pronounced as radius from the beam axis increases. A

comparison of Figures 5, 6, and 7 illustrates this point.

CYLTRAN calculations agree very well with data in

reference 1. That is, the changes in dose due to insertion of

an air gap seem to be faithfully predicted within statistical

uncertainty, which will be discussed later. Incidentally, in
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those cases where there are noticeable discrepancies between

CYLTRAN and data, the CYLTRAN dose distribution Enows a

tendency• to overpredict. The only case in which the agreement

between CYLTRAN and the data may be questionable is shown in

Figure 5 at 5cm radius and, most remarkably, at 20cm radius.

In this regard, it is well to note the large statistical

uncertainty inherent in the CYLTRAN Monte Carlo algorithm,

which runs from 25-50 percent at 20cm radius for 10,OOC

primary electrons in the target of Figure 5, as will be

discussed later. In light of this uncertainty, the apparer :

u±sagreement in Figure 5 between CYLTRAN and data may not be

significant.

The low resolution CYLTRAN calculations shown in figures

5 thro:gh 9 show only the doses in the dosimeter arrays

located between the target sections and before and after the

air gap. A high resolution CYLTRAN run, in which target

sections are divided in much finer zones, sheds a great deal

of light on how the dose distribution behaves in the target

material itself. Figure 10 illustrates the high resolution

dose distribution in the case of PMMA with the air gap located

downstream of the first target section. Figure 11 shows the

dose distribution for PMMA with the air gap downstream of the

fourth target section. Figures 12, 13, and 1A show dose

distributions for targets of solid PMMA, Aluminum, and Lead

followed by Aluminum, respectively.
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A comparison of Figure 10 with Figure 5 shows that the

overall disagreement between the NSWC data and these CYLTRAN

calculations is reduced by dividing the problem target

geometry into smaller zones. The high resolution calculations

verify the continuous nature of the dose distribution. Except

for statistical fluctuations of the dose about a mean value,

the dose is in fact smoothly distributed in the cylinder, even

across the air gap. The most well-defined results are given on

axis. This is what would be expected, as there the beam is

most intense and the probability of an electron colliding with

an "air molecule" would be the highest. In other words, the

statistics are better on axis and get increasingly worse with

increasing radius. This would explain the absence of plottable

points at 5cm and 20cm radius in the air gap in Figure 10. At

radii greater than about 5cm in the air gap with 10000 primary

electrons the probability of a collision is extremely low.

Thus, the dose in the air gap will be calculated by CYLTRAN to

be zero in most cases. This is born out in Figure 10.

D. NUMBER OF PRIMARY ELECTRON HISTORIES

Since the Monte Carlo calculations which are the basis of

the CYLTRAN code is statistical in nature, one might expect

that increasing the number of primary electrons would cause a

decrease in the statistical uncertainty of the CYLTRAN

calculations. Results obtained in this work would indicate

that this is so. A plot of dose per incident electron for the
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target of Figure 10 using 100,000 incident electrons is shown

as Figure 15. The better definition of the dose distribution

at large radii in the air gap is a certain indication that

statistics have improved significantly. Comparison of figures

10 and 15 reveals that, in the target material, the value of

the dose calculated by CYLTRAN doesn't depend on the number of

primary electron histories followed. The statistical benefit

in raising the number of histories is shown in the comparison

of Figures 16 and 17. A factor of 10 increase in the rnmber of

primary electrons produces a decrease in uncertainty of at

least 50% at all radii. The most significant benefit derived

by using more electrons is gained in the air gap and at large

radii, where the collision probability is smallest.

E. DOSE BREAKDOWN BY ELECTRON TYPE

The dose deposited in a target zone by an electron can be

classified by the type of electron that deposited the dose.

The electron type is identified as either primary, gamma-

secondary, or knock-on. A primary electron is an electron that

was in the original electron beam incident on the target. A

knock-on electron is one that has been knocked free of an atom

through some collisional process. A gamma-secondary electron

is an electron that has been emitted from an atom through any

process involving a photon. An important part of this

classification is that once a photon has knocked an electron

from an atom, that electron is a gamma-secondary electron as

29



00

00

oL 0

0 0
E k CE

o 0 ,L ,

z 6 zI
C:j

0-0

Q/

>7 to CC)

r' (N •a 1 6ý 1 MBAI )so{]

Figure 1Z0. High Resolution 391 MeV CYLTRAN Dose Distribution
in PMMA with 390m Air Gap Downstream of 1st PMMA Target
Section, 10,000 primary electrons. Compare to figure 5. Note
reduced disagreement with data.

30



T3 wO

o I ' I -
Co0

E E

uu

0 E

C L> 0
U) C
Q) l04t

C:C
0 0

00

NO

00

CU

20

CL

<

>0

COC

00

LL-J

Q)

C,
N C

10 0 1 CI 0 CD

13•e;818 16 AM• ) aS

Figure 11. High Resolution 391 MeV CYLTRAN Dose Distribution
for PMMA with 39cm Air Gap Downstream of 4th PMIA Target
Section, 10,000 Primary Electrons. CYLTRAN agrees very well
with data here.

31



E" Ln

O0

oZ

z Ct z

'00

2 II\ ,

I

I °£

Lzrz

,-J to 0 0

I N

0 I10

1>•1 0I ()I AM ) aSI

Figure 12. High Resolution 391 MeV CYLTRAN Dose Distribution

for PMMA Target, 10,000 Primary Electrons. CYLTRAN agrees very

well with data.

32



Q)
V

'EI~ I I L• I i
E

•_E E E

0 p
CD)

Cr

1 ICL
u U

0 0

-0

I /¢

> I ,

ooI I /

(•e/e6>i/AolI ) es00

Figure 13. High Resolution 391 MeV CYLTRAN Dose Distribution
for Aluminum Target, 10,000 Primary Electrons. CYLTRAN agrees
very well with data.

33



S~E
o EE E
E 0 0I

II II I1

0 c0o-

LLJ t

0 i

I 3

CC

-- C

0 o

S 0 I I IIL[11 13l @ sool

F~ur 4.HihReouton31 e CLTA Ds Dstiuto

for Targe~~~~~~ ~~~tIo edFloe yAuiu,1,0 rmr
Electrons.CLTA agesvr wel it dt.

03



CI

a

0 (D 00 I I t I I II

wo

Eo

CO

0 0 E

7 0

o~r L )I

UL)

Ez zz

Q C•s

(0 0

1 0 0 I 0

Figure 15. High Res. 391 MeV CYLTRAN Dose Distribution in PMMA
with Air Gap Downstream of 1st PMMA Target Section, 100,000
primary electrons. Compare to previous figure to note drastic
decrease in statistical uncertainty.

35



Uncwtd2!x in Toial Dose. - r-Oorn, High Reeckition Model

ZSpan off Air G~a
O 20) 60 60fdDl s o

Uncertainty in Tolol Doen - r-2cm, High Resokjtion Model

100

2-0 r _______:___I

o 20o of W ~ soo 00

Uncertainty in eTola Do., - r-2Ocn. High RqSoIAio'! Model

2-020Span o~f Air Gap

Figure 16. Unetitsioa os b Raiso fo 10,00

in staisic wit Ailrg nubr felcros

20 40 s 00 16



Uncertairty ir Toig Dcow - ~-0c1, High Resojtion Model

204 t00

o 20 40 00 no 100

ea Uncertoity in Tolol Dos. - r-7cm. High Rmoijtion Mdodel

400

0 20 40 6o so 0

LON0ujbW ~Dsea- (oo)

Uncctointy n, Total Dose - r-5em, High Resokiti'on~ Model

100

~20 SDon of AirGD
o 20 40 60 soto

Fiur 1.Uncertainty in Total Dose by Radius, for~ 100,000tode
Pr1r0 lcrosi agtofFgr 0 omaewt h
prvosfgr8o01,0 lcrn.Nteteipoeeti
sttsiswt lre ubro piayeetos

407



well as all electrons on down the chain that the secondary

electron might start. Figure 18 illustrates the classification

of these dose deposition mechanisms.

The CYLTRAN output provides detailed analysis of whether

the dose in any particular target zone comes from a primary,

gamma-secondary, or knock-on electron. Figures 19 through 23

show the dose per incident primary electron at various radii

on the target of Figure 10 with 100,000 primary electrons.

Figures 19 and 20 show that, on axis, the dose is almost

totally due to loss of energy by primary electrons. The

negative dose contributed by the knock-on electrons simply

says that a small portion of the energy deposited by the

primaries is carried out of the zone by knock-ons created in

the zone. Note that by the time the primary electrons traverse

the first PMMA target section and enter the air gap, the on-

axis dose is reduced to 25% of its original value. Once the

electrons are one third of the way through the air gap, the

on-axis dose due to primary electrons has been reduced to

about 5% of its original value. Figure 20 shows that, although

the dose on-axis through the end of the air gap is mostly from

primaries, immediately downstream of the air gap the dose

becomes dominated by gamma-secondary electrons. The small

energy contribution from knock-ons does not play a significant

role on-axis except in the first target section. We see from

the off-axis CYLTRAN calculations in Figures 21 and 22 that,

while there is very little dose away from the axis in the
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Figure 18. Classification of Dose Deposition by Type of
Electron Depositing the Dose.

first target section, as the beam progresses down the cylinder

the contribution from the primaries is increasingly overtaken

by that from gamma-secondaries farther away from the beam

axis. Finally, as shown in Figure 23, the dose at a radius of

20cm is almost totally due to gamma-secondary electrons. In

fact, there is very little energy deposited in the cylinder at
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20cm until the air gap is passed, at which point the dose due

to secondary and knock-on electrons rises dramatically, the

knock-on dose falling slowly back to a very low level and the

secondary dose falling and becoming a constant at a level

slightly higher than the knock-on dose. This dose breakdown

leads to the conclusion that the rise one sees in the dose

after the air gap as indicated in Figure 10 is formed by an

increase contribution from gamma-secondary electrons somehow

built up in the beam's passage through the air gap.

Calculations identical to those above for the case of

10,000 electrons have been done, the results of which are

attached in Appendix C as Figures C1 through C4.

F. EFFECT OF REPLACING THE AIR GAP BY A VOID

Some insight into the nature of the calculated dose

distribution in the air gap was gained by substituting a void

for the 39cm air gap. The result of doing this is shown as

Figure 24. The dose in the void is, of course, zero. But,

perhaps more significantly, there is no appreciable change in

the dose distribution in the target material in this case from

that reflected in Figure 10, the identical target with an air

gap. These results would tend to suggest that the increased

dose in the target material downstream of the air gap is not

an artifact of the air itself, but rather one of the target

geometry.
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G. AIR GAP STEP SIZE EFFECTS

Work done by Bielajew and Rogers on calculations of the

dose distributions in air due to high energy electrons has

shown that if the default Monte Carlo step size is used, one

could expect the dose to be overpredicted [Ref. 10]. In this

work, it has not been possible to investigate the effect of

changing the step size, as CYLTRAN does not have the

capability of accomplishing this for only one material in a

multi-material target. However, at an energy of 391 MeV, the

step size required to obtain the optimum results, according to

Biejalew and Rogers, would be about one target diameter, or

20cm. This step size would require the value of k in equation

1 to be equal to about 19,400.

H. RANDOM NUMBER EFFECTS

The dose in the material has a large dependence on the

value of the initial random number seed used to start the ITS

calculation. Obvious though this observation may be for a

Monte Carlo-based algorithm, it is well to keep in mind that

any result achieved using the code is subject to a calculable

uncertainty. Figures C5 through C7 in Appendix C are given as

examples of the effect of changing the random number seeds.

When compared to their counterparts, they reflect noticeable

variations. However, the variations are verifiably within that

statistical uncertainty which is given by CYLTRAN along with
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the dose values. The uncertainty in a dose in solid materials

in this work typically runs about 20-50%.
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IV. RESULTS FOR PREVIOUSLY UNANALYZED 200 MEV DATA

CYLTRAN calculations were done to check the validity of

predictions at 200 MeV. Calculations were compared to

measurements made at Bates and reported in Reference 1.

Figures 25, 26, and 27 illustrate the results of the

comparison for Aluminum, PMMA, and Lead followed by Aluminum

targets, respectively.

The results of CYLTRAN runs compare very well with the

measurements in all three targets, as was expected from the

previous results (discussed in Chapter III) for the 391 MeV

data. The sole notable deviation of CYLTRAN from the data is

in the latter depths of the Pb/Al and PMMA targets. In both of

these cases, the CYLTRAN calculations on the beam axis begin

to provide results lower than the data in the third target

section. The deviation on axis increases continuously through

the end of the problem cylinder. Comparison of figures 25, 26,

and 27 to figures 12, 13, and 14 in chapter III (which are the

corresponding problems at 391 MeV), shows that general trends

in the CYLTRAN calculations for the 391 MeV case have been

repeated in the 200 MeV case, as one might expect. Also,

examination of the NSWC data as shown in figures 25 and 27

(particularly for Pb/Al and PMMA targets) shows that the on-

axis dose data begins to plateau after about two target

sections depth. This seems suspect since, in all cases looked
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at in this work, after a dose peak in the first few

centimeters of target material, dose generally decreases

continuously. Along with those facts, it is noteworthy that

the CYLTRAN calculations have produced very good agreement in

every other case examined in this work. There is no reason to

expect such a significant difference in the results for the

two energies, since the target configurations involved are

identical. All this would tend to suggest that the TLD's used

in the NSWC measurements for the target configurations of PMMA

and Lead followed by Aluminum, on axis at least, had become

saturated and did not provide accurate data.
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Figure 25. High Res. CYLTRAN Dose Dist. for 200 MeV Electrons
in PMMA Target. CYLTRAN agrees well with data except on beam
axis and large depth. Linearity of NSWC data past 25cm depth
suggests saturation of TLD's on axis. Compare with figure 12.
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CYLTRAN agrees well with data for this case. Compare to figure
13 at 391 MeV.
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saturation is suggested. Compare to figure 14.
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V. CONCLUSIONS

In general the results obtained at Bates, as detailed in

Reference 1, have been verified. A comparison of the Bates

data to the calculations done here using CYLTRAN yields the

following conclusions.

" The dose in any particular section of target material is
significantly affected by whether or not it is preceded in
the longitudinal direction by an air gap. However, this
dependence is not a product of the air itself. Rather, it
is an effect of the change in geometry produced when the
air gap is inserted. We come to this conclusion by
replacing the air gap by a void and getting identical
results. A small angular deflection gives a small lateral
displacement at short range, but gives a much larger
lateral displacement at longer ranges. See Chapter III,
Section C.

" Uncertainty in dose calculations in the air gap is very
large due to the small number of collisions undergone by
an electron as it traverses the air gap. The uncertainty
is as much as 99% in some cases. This is not affected by
changing the number of input zones (dividing the air more
finely). However, it is decreased significantly by
increasing the number of primary electrons used in the
simulation. See Chapter III, Section D.

" In the PMMA/Air/PMMA target stack, the dose on axis is due
almost totally to primary electrons. At a radius of 20 cm,
the dose is due mostly to gamma-secondary electrons. The
doseE in between are due to various combinations of
primary and gamma-secondary electrons. Knock-on electrons
have only a minor contribution in all cases. See Chapter
III, Section E.

" In constructing a model, the numerical results are not
affected by the degree of fineness with which the target
is divided into input zones. However, the added sense of
continuity in the data provided when the problem geometry
is more finely divided are tremendously beneficial. See
Chapter III, Section C.
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"* Correcting the ITS code to treat the air gap as a thin
film seems to have no affect on the dose distribution. See
Chapter III, Section A.

"* The final value of dose in the material depends greatly on
the value of the initial random number seed used to start
the ITS calculation. That is, any one ITS calculation is
not absolute in its correctness. The value given for the
energy deposited in a particular zone in this work could
vary from 20-50%. However, the results obtained using
different random seeds are statistically consistent, given
that the statistical uncertainty in the calculations is
also 20-50%. See Chapter III, Section H.

"• CYLTRAN agrees well with data for all of the targets
considered in this work. This is true for electron
energies at both 200 MeV and 391 MeV. The 391 MeV data has
been analyzed before by NSWC using ACCEPT. Our analysis
shows the failure of the previous ACCEPT comparison to the
data is probably due to lack of resolution and a small
number of electron histories.

" The analysis of the 200 MeV data has not been done
previously. This work shows that CYLTRAN is able to
accurately calculate the measured dose. Beyond a radiation
length, the dose on axis begins to deviate from the data.
The trends in the data compared to the calculations
suggest that the TLD's used in taking the 200 MeV
measurements were saturated.
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APPENDIX A. USING ITS ON THE DEC VAXStation 3200 COMPUTER

In this work, ITS was installed and executed on a

dedicated DEC VAXStation 3200 computer. The work has not been

completed without a significant amount of time spent in self-

education in the DEC terminology and the use of the VAX VMS

operating system used by the computer itself, and in learning

the subtleties of properly using the ITS computer code. In the

hope of saving future ITS code users some time at the front of

the "learning curve", this appendix will attempt to explain

rudimentary details of how to (1) turn on (boot) the computer,

log on to a user account and to begin to work, and (2) how to

execute a CYLTRAN run using the ITS system as currently

installed on the VAXStation 3200.

A. BOOTING AND USING THE VAXSTATION 3200

1. Turning the Computer On

Turn on the Constant Voltage Conditioner with the red

power switch. It will make an annoying constant humming noise,

which is nothing to be alarmed about.

Turn on the computer by pressing the switch on the

right of the little VAXStation 3200 logo on the front panel of

the computer cabinet. The switch will glow orange after being

pressed.
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The system will go through diagnostics and booting

procedures for a few minutes. The entire booting procedure

should be complete in less than five minutes.

After the computer has completed booting, the monitor

screen should show the DECWindows login screen with

distinctive huge blocked letters spelling out DIGITAL and a

small window below containing spaces to type in the username

and password. At this time users are able to log on to the

system, if a user account has been set up by accessing the

computer's System Manager account. If a user account has not

been previously established, it is recommended that it be done

immediately by accessing the System Manager account as

explained in Section 2 below and by following instructions in

the computer's system management manual (a set of several

volumes, usually kept on shelves next to the computer

station). It is a dangerous habit (speaking from personal

experience) to use the System Manager account for routine user

tasks.

2. Logging on to the Computer

After the computer has completed the booting process,

you are ready to log on to the computer and begin work. First,

press any button. If it wasn't awake already, the monitor will

"wake up" and display the DECWindows login screen (described

in Section 1). Select USER by clicking the left mouse button

on the space for the username and type your username. Then
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select PASSWORD and type your password. Then press the ENTER

key. The computer will begin to log in to your account and

will put the DECWindows user screen on the monitor. This

process takes a couple of minutes. After you log in, you can

enter commands to the computer by using the pull-down menus

(not a very fast way to do it) or by clicking on the DECterm

window (which activates the window so you can enter a command)

and type commands directly (much better).

If you wish to log in to SYSTEM (the System Manager

account), type the username SYSTEM and the password ESMERALDA.

You must log on to SYSTEM to establish any necessary user

accounts. There will be times, since this is a machine

essentially dedicated to one user, that the user will have to

log on as SYSTEM to accomplish some task that can only be done

by the System Manager, such as device allocation and memory

management. After you log on to SYSTEM and the work screen

appears on the monitor, click on the DECterm window to enter

commands at the "$" prompt.

To log out, select SESSION on the Session Manager

Window Menu Bar and click on QUIT. You will be asked to

confirm that you want to quit and, if so, you will be logged

out.

3. Turning the Computer Off

Log in to SYSTEM as described above. Click on the

DECterminal window and type SHUTDOWN.
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When the system goes completely through the shutdown

sequence, which takes a minute or two, the message SYSTEM

SHUTDOWN COMPLETE--USE CONSOLE TO HALT SYSTEM appears on the

monitor. Shut off the computer with the orange switch and then

turn off the Constant Voltage Conditioner with the red power

switch.

4. Miscellaneous Comments on Operation of the Computer

Users accomplish tasks on the computer through the

entering of user commands. Commands are entered to the

VAXStation in a DEC language called DCL (Digital Command

Language). Rather than try to explain a lot of commands here,

it's best that you review the VAXStation User Manual volume

titled "DCL Dictionary" to get a feel for the commands and

what they can do. A few commands that apply directly to the

use of ITS and IDL (Interactive Data Language) will be

mentioned in this appendix and in Appendix B.

The VAXStation is currently connected to an ethernet

accessing several computers in the Naval Postgraduate School

Physics Department and other campus facilities, including the

Physics Simulation Lab and the W.R. Church Computer Center.

Access to this network is through a smaller network (the

DECnet) of DEC VAXes (there are currently 4 VAXes on the

DECnet) belonging to the Physics Department. To access another

node on the network, the DCL command is

SET HOST nodename
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You must know the nodename and it must be defined in

the local database. If you have the right nodename the other

computer will prompt you for a username and password.

There are two user-interface systems available on the

VAXStation: DECWindows and VWS (VAX Window System). Currently

the default on this machine is set to DECWindows due to the

user friendliness of the interface. The VWS is a more

barebones window system that runs faster but doesn't make

things especially easy for the inexperienced user. The window

system can be changed by making changes in the SYSTEM account

file SYSTARTUPV5.COM and going through a reboot procedure.

Read the manual on the topic or seek help from a more

experienced user.

Remember to do complete system backups on a regular

basis. To backup the entire system:

"* Set the Break Enable/Disable switch to Enable (in back of
the computer above the LED number display). Point the
switch toward the circle with a dot inside it.

"* Shutdown the system.

"* When you get the message SYSTEM SHUTDOWN COMPLETE--USE
CONSOLE TO HALT SYSTEM appears on the monitor press the
halt button on front of the computer twice. You should get
the >>> prompt.

"• Type the command: b/eOOOOOO (that's seven zeros).

"• Write protect the hard disk by pressing the button on
front of the computer.

"* Perform the backup with the command (all on one line):
"BACKUP/IMAGE/VERIFY/BUFFER COUNT=5 (space)

DUAO:MUAO:name. BCK/REWIND/LABEL=date
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* Load a blank TK70 cartridge in the tape drive when
prompted. When the backup is finished, unload the tape,
write enable the hard disk and restart the computer.

B. ITS OVERVIEW

The Integrated Tiger Series of Electron/Photon transport

codes (ITS) is the most widely used particle transport code in

the world. The code package was developed to incorporate eight

individual codes which were developed over the period from

1968 to 1981. All the codes are based on the original ETRAN

model developed by M. Berger and S. Seltzer. The ITS code

system consists of four primary code packages, which are

listed in Table Al.

Table Al. FOUR PRIMARY ITS CODE PACKAGES.

XDATA: The electron and photon cross section file.
XGEN: The cross section generation program.

ITS: The Monte Carlo program file.
UPEML: A machine portable update emulator.

The heart of the ITS is the program library file ITS,

which contains the eight Monte Carlo programs plus system

directives for the CRAY, IBM, VAX, and CDC operating systems.

The update emulator program UPEML creates the various Monte

Carlo codes for a given system with any corrections to those

codes that may be desired. The output fortran source code from

UPEML is then compiled, linked, and stored as an executable

module. Program XGEN generates the problem specific cross
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section data tape using file XDATA for referenced inputs and

a user defined input file. The Monte Carlo codes then read in

the cross section tape and process the user defined problem.

One of the eight ITS codes is CYLTRAN, which simulates the

transport of particle trajectories through a three-dimensional

multimaterial right circular cylinder. For this project only

the CYLTRAN code was used. As an ITS user the following steps

were required to execute an ITS run.

1. Create the specific ITS code CYLTRAN with the required
correction schemes.

2. Generate a cross section tape based on the different type
of materials contained in the cylindrical geometry of a
problem.

3. Create an input file which lists all the input parameters
required to calculate desired outputs.

4. Submit the input file and the generated cross section
tape to the ITS Monte Carlo codes to execute a run.

Table A2 is a sample input file to generate the cross

section tape for the materials in a cylindrical geometry. Each

material line represents a different medium in the cylinder.

Percentages of each material in a compound and its density

must be specified. Single element lines such as Cu, has its

density stored in ITS and is automatically used for the

simulation when needed.

Once a cross section tape is generated, an input file with

the parameters designed for a particular simulation must be

created. Section D below contains a sample input file to
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Table A2. SAMPLE INPUT FILE TO CREATE A CROSS SECTION TAPE

Energy 16.0
Material Au
TITLE

391 MeV Cross Section for Au Foil

execute a CYLTRAN run for one of the problems in this

work.[Ref. 3, pp. 39-40]

C. RUNNING ITS ON THE VAXSTATION 3200

The VAXStation 3200 is currently set up to run ITS in

either a batch mode or interactively. In the batch mode, the

user can submit the code run to the computer as a job separate

from any user interactive processes. This way, the user can

continue to use the computer interactively while the ITS run

is being processed in the background by the computer. In the

interactive mode, the user cannot use the computer terminal

while the run is in progress. The batch mode is by far the

most efficient method to use when submitting ITS runs.

Before any ITS code may be run on the computer, an

executable version of the code must be generated. Assume that

you have generated, using the UPEML processor provided with

the ITS package, an ITS specific fully compilable file with

the name [.ITS]CYL0.FOR which you wish to run on the computer.

Generate the executable file by following this procedure:

* Enter the command FOR [.ITS]CYLO.FOR. The computer's VAX
Fortran compiler will compile the fortran file and save an
object file in your default directory named CYLO.OBJ.
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"* Enter the command LINK CYLO.OBJ. The computer will link
the program properly and will produce an executable file
named CYLO.EXE and save it in your default directory.

"• The executable file can then be executed under one of the
procedures below.

The process to be followed in submitting an ITS run is

given below. The example given is typical of a run done in

this work. As ITS is currently configured on the VAXStation

3200, the process must be followed as given. In the example,

it is assumed that a specific ITS code file, a cross section

file, and a problem input file have been generated.

1. Batch Mode Submission of an ITS Run

Before an ITS job can be submitted in batch mode, two

separate data files must be constructed using the VAX text

editor. The first file contains 1) a command telling the

computer where to look for input required in processing the

batch job, and 2) a command telling the computer to run the

executable file containing the ITS code. An example of the

first file is the file BATCH.COM, which contains the following

two lines.

DEFINE/USERMODE SYS$INPUT '[YAW]BATCHIN.DAT'
RUN [.ITS]CYLOBATCH.EXE

The second data file contains the name of the XGEN-

generated cross section file and the name of the file
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containing the problem input parameters and geometry input. An

example of the second data file for this work is the file

BATCH_IN.DAT, which could contain the following two lines.

[YAW.PMMA]CYL10_39_40.INP
[YAW.ITS2]XTAPE.OUT

Once the two required files have been created, the

batch job may be submitted. Submit the job by entering the DCL

command

SUBMIT/NOTIFY/NOPRINTER BATCH.COM

where the filename BATCH.COM is the name of the file

containing the name of the executable ITS file. The terms

NOTIFY and NOPRINTER are keywords telling the computer to

notify you when the batch is completed and to send the job log

to a file in your login directory, but not to the print queue.

See the DCL Dictionary for other keywords to use with the

SUBMIT command.

After submitting the batch job, you may return to

interactive use of the computer while the computer processes

the job in the background. The nice thing about the batch

process is that you may queue as many runs as you want and let

the machine run overnight or over a weekend. However, before

doing this, it's a smart idea to set the batch queue job limit

to 1 by logging in to SYSTEM and entering the command

SET QUEUE/JOBLIMIT=l SYS$BATCH
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Be sure to log out of SYSTEM and back in to your user account

before submitting a job. If the job limit were higher than 1

(say 3, for instance) the computer would try to run all 3 jobs

at the same time, and the run time for all 3 jobs would be

significantly increased. Also, the computer's capabilities for

running that many jobs at once are really limited, and it

could bomb out altogether. With a job limit of 1, the jobs run

one at a time, with an unlimited number of jobs held in the

queue pending execution.

2. Running ITS Interactively on the VAXStation 3200

The interactive mode is the most user-friendly way to

run ITS on the VAXStation 3200. To execute the ITS run, enter

the command RUN followed by the filename of the ITS executable

code you wish to run. A command to execute a run in this work

would look like this:

RUN [.ITS]CYLO.EXE

where the file [.ITS]CYLO.EXE is an executable ITS problem

specific code generated for this work.

The computer will then begin executing the code and

interactive use of the computer will no longer be available.

After the computer has begun execution of the code, the user

will be prompted interactively for the names of the files

containing the cross section input data and the problem input

data. The user will enter the filenames at the keyboard and

the computer will continue executing the program. Execution of
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the program will be complete (uisually after between 1 and 1.5

hours) when the message FORTRAN COMPLETE is shown on the

screen and the "$" prompt returns.

D. SAMPLE CYLTRAN INPUT FILE

The input file to execute an ITS run consists primarily of

order-independent keywords followed by keyword-specific

parameter values. The following sample input file for a

CYLTRAN run illustrates the use of the keywords and

parameters.

ECHO 0
No DiMPTW

391 MkV Ekctron - 10.0 PMMA, 36cu Air, 48.0 PMMA, 8 LI Array
* * 0*0* 0 ** *e *.o * *, ** *efepJ• * e* t** * ** *eo * e* *0*0* ** * *t * * * 00

GEOMETU 78
*ZZaw (PIMA)
0.00 8.42 0.00 22.0 1
* Zees 2- 13 (LI Detector Array)
8.42 8.72 0.00 0.1 3
8.42 8.72 0.1 0.95 0
8.42 8.72 0.95 1.05 3
8.42 8.72 1.05 1.95 0
8.42 8.72 1.95 2.05 3
8.42 8.72 2.05 4.95 0
8.42 8.72 4.95 5.05 3
8.42 8.72 5.05 9.95 0
8.42 8.72 9.95 10.05 3
8.42 8.72 10.05 19.95 0
8.42 8.72 19.95 20.05 3
8.42 8.72 20.05 22.0 0
* Zon 14 (Ai')
8.72 47.72 0.00 22.0 2
* Zes 15 - 28 (iF Detecter Array)
47.72 48.02 0.00 0.1 8
47.72 48.02 0.1 0.95 0
47.72 48.02 0.95 1.05 3
47.72 48.02 1.05 1.95 0
47.72 48.02 1.95 2.05 3
47.72 48.02 2.05 4.95 0
47.72 48.02 4.95 5.05 3
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47.72 48.02 5.05 9.95 0
47.72 48.02 9.95 10.05 8
47.72 48.02 10.05 19.95 0
47.72 48.02 19.95 20.05 3
47.72 48.02 20.05 22.0 0
*Zi 27 (PUMA)
48.02 56.44 0.00 22.0 1
* Zleis 28 - 39 (LF Detecter Array)
56.44 56.74 0.00 0.1 3
56.44 56.74 0.1 0.95 0
56.44 56.74 0.95 1.05 3
56.44 56.74 1.05 1.95 0
56.44 56.74 1.95 2.05 3
56.44 56.74 2.05 4.95 0
56.44 56.74 4.95 5.05 3
56.44 56.74 5.05 9.95 0
56.44 56.74 9.95 10.05 3
56.44 56.74 10.05 19.95 0
58.44 56.74 19.95 20.05 3
56.44 56.74 20.05 22.0 0
* Ze 40 (PMMA)
56.74 65.18 0.00 22.0 1
* Zeas 41 - 52 (IF Detector Array)
95.16 65.48 0.00 0.1 3
95.18 65.46 0.1 0.95 0
95.19 65.46 0.95 1.05 3
65.16 65.48 1.05 1.95 0
65.19 85.46 1.95 2.05 3
95.18 65.48 2.05 4.95 0
65.19 65.48 4.95 5.05 3
65.16 65.46 5.05 9.95 0
65.18 95.48 9.95 10.05 3
95.18 65.48 10.05 19.95 0
65-19 65.49 19.95 20.05 3
95.16 65.48 20.05 22.0 0
* Zo 53 (PMMA)
65.48 73.88 0.00 22.0 1
"* Zels 54 - 95 (LIF Detecter Array)
73.98 74.19 0.00 0.1 3
73.88 74.18 0.1 0.95 0
73.88 74.18 0.95 1.05 3
73.88 74.18 1.05 1.95 0
73.88 74.18 1.95 2.05 3
73.88 74.18 2.05 4.95 0
73.88 74.18 4.95 5.05 3
73.98 74.18 5.05 9.95 0
73.98 74.18 9.95 10.05 3
73.98 74.18 10.05 19.95 0
73.98 74.18 19.95 20.05 3
7.398 74.18 20.05 22.0 0
" Zooe 96 (PMMA)
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74.18 82.9 0.00 22.0 1
* Zua 7- 78 (II Detetac Array)
82.6 82.9 0.00 0.1 3
82.8 2.9 0.1 0.95 0
82.8 82.8 0.95 1.05 3
82.8 82.0 1.05 1.85 0
82.6 82.9 1.95 2.05 3
82.6 82.9 2.05 4.85 0
82.6 82.9 4.95 5.05 3
82.9 82.9 5.05 9.95 0
82.9 92.9 9.95 10.05 3
82.9 82.9 10.05 19.95 0
82.8 82.9 19.95 20.05 3
82.9 82.9 20.05 22.0 0

ELECMR0U
ENEMY 391.00
CUTOFFS 1.603 0.01
D1RECTIO
S.....*** ................. ***OTHER OTIONS** .................

RAIDOM-NUJMBER
10234

ELECTRON-ECAPE
NBINT 10 USER

10.0 20.0 30.0 40.0 50.0 70.0 90.0 120.0 150.0 180.0
IUSTORES 10000

E. SAMPLE CYLTRAN OUTPUT FILE

The following sample CYLTRAN output file was generated

using the sample input file given in section A.
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*****e***fetr*1.e*.eee*e*e*e*ee*****.*.***

* III - IEeMiI t *
* p •jfh Z[.I 111*

* WR A 3UI1 *

* ] L N*
* RTUAUIW P. MENK

* AUIATIOW LAINATlIU *

**ec.e,. ................ te ** CFLTIAN *
* *

te* . tee c 0** ** "

*OUMBER --TA NAM I
" Me clLc l 1UM *lM ** * c *e c iccclllcelec "Once t* *c***

UMAK IUM U LAI

1= LIM LIM UrM- UM U
~ Law ta Ulm Ulm Lam

uM UM UM ( L2 U)1101U1um

MAL198 A KIUTN 211118 102N/0WU W

U17M U174 U17M U17172 UIUI2 UI•W
UIm U15 U15 U17 U1I47 U814

U1501N W1542 U.10888 "1f7W 14=1 L1312818
L121088 12151181 11 IN WUM 11689 11601

LIM 171 I UUMI UIM 12.11M L14

L1121 L1I445 L1110 L171M LI1 LI14181.11033 11211 112271 11332 1570173 11551

IL1U 522541 123.215321 M2313 158271U rl525
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RAIOI Of CATIH KIS PAIR PIIM1 II3 MUAL ATNIMATIN CRIWfI~TI
l1ý 1jý 1jý 1imU 1.33 1Jl3
1.3 lum Lam Iur urn wuu
uWO Iw Law Lur - Lam
1096 1urn lowu -M win Lam
urnm uINS urn15 uIIU uuIu Luu
13373 L1132 MISS13 3.33131 115411 L31733
11551 113W L335241 1217 L1154M LOW43
U122 13 47 LO WL17:3 13353 13323 1330O7

MAT Nf KATTnIN TO SCAMJIMC PLI PAN PRICUI ANIINATOI ClITIRCEEN
1314854 U1347 132432 13213 L13312 1151514
WIM 113324 L1131432 L28214 12327 13337
1337431 1L4557 1URN5 1110317 173137 WIN
111UM 112431 135123 1375817 113381 3.3353
11103

I M fMOTOu BATA

MIDU MMRC (MMY, PUTUEffECT EFFCINCY ANRMM FIIEKI fFICEY

I X-RA ENUM (MV)
13053 1388533 1300533 133532

I I-SAY ACCIMINAITI RFLUM EMtENU

AIEM RElETN EMSU (MV)
131533 1388533 1.380533

ADOIEUDCTIN ACCIMRlATED RELAUV ITNUSH:

* WIMA RAY MOSS EUON BATA IM3 MAINEIl =9ME 2

MPAU WAS MTAX
25 14U

EMRIR: (MEM
IMAM0333133011MUM3335113031431303111.1103
H iwum muL IkJ 11u mJý UJ

"M"4383 .300213301 ILUN 113033 13301
-ý uUM -u wuu um 1mm

1.3303 11303 11383 133 14331 13103
LI303 115303 11383 13333 11303 1331
1.3303 13303 L1230 131533 131303 11133
13333 13a83 13383 13 W331113 11113
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TITAL ATTENMUIN C~UUFIE (CIA2/9)
11232 LOW43 L128032 UlUU 11153 U11141
13145 U170S U17127 UlSK 1316413 U131341
U1031 U1345 U17iN U1122 LL234 L12443
1125346 1251 112331 11356LO 14 13443 L351754

112275 L113446 15138 L1161411 1133 113513
6.2=12 U120 173695 1.523321 L13222 11231W

24.716810 34.1833 133.1332 325.34 141115552 424U-1UU

NAT Of UCATIED PLO PAR PUUC1U TO MhAL ATTENAUI CEIfICIEE
lim3 hAIN him him lim him

Inin unvuum Ws n lgI umn war

WIN65 3.143 1JUl93 L1612 U17M1 13264
111383 IL52M L132211 112393 13215 U1303
L71811 1302321 WBOBl L1380312 13314 10304

MATN If 3CAIIEN TO SCAM=EN PLO PAN PIN=UI ATUNAlUN WMfHEI
U11744 U1408 U13374 1324138 133O4 1341343
116344 U =1352 121563 115783 121341 L25712
L12035 U1818 L52645 132133 174333 118234
13671 116404 1327423 L187503 11373 11380
i.nom

ODWN MENIY (MEM, PITOUFECT EffICIENY AND FLURIEEE EFICIENY

I NW V4CIR (HEY)

305332 130533 1.80053 100033

I I-MYT ACCOMUTIIE REJAIMENE IIER
1.3000 1G000 1.30000 1.300000

AIEN ELFCTU ACCMULATOI KELAUETENE RUM
UINu imu urnu

ICAMMAAYOMUE IMUTAF3EMATMUIAI IME 3
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umtE (M[O)
13311333333M MU 3.133533.3333431133MUM1I
2Mm 15O IMAM NMm ýM NMm
4USM UMm 2USM IIuuu 1. UM
wUu -M -A wUS tM1 IJMm
1.331 hUM 3.1361 LIAM 1413 Ufh
UM163 L15133 L1.. 11333 3.6333 335
warn U3Mr unrn Ulma Ulmn urn

-S wan USM 116213 WIN5 13133

MAL ATTMNAU CIOHCIEJ (CW2/3)
U1113451 U18274 Ul133 U17M3 U17552 U17132
U1803 1111173 U115415 U15l4 114U14 U114324
U14M 111432 U11564 U1373 111*1 LO2W
U.235 1125451 1LEM4 LU3210U 1153 33413
1LO32 3.1544 W4528 11353 1133 113334
3.1261 V.24538 11435 L.151321 113377 1133353
3227 L34 24742 173444 1J48137 L.33155 11.51541
27585 32.734353 212.543 33212L321 14711544174231.3312

RATIO U SCA1IIN PLUS POR PENCUIII M3OAL AMTTEAI COMMIID~
1.3013313 MO33 13303 13383A l
logo wUH logo log rn w on ii
UwM -on 4U 1 oi -UM I
oleo Lamn Iur No ~ U!M w uLIN
3.3314 333317 3.1373 3.333 3.3343 3.383
11383 113230 W342 MW53 113434 LO238
1.79nit 3.4153 UI2M4 V.131 3.32412 UIISM
3334 13133 11385 13327 L3125 13384
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MATNIF ifCAUrIII TO ICATIEI FLU PAR MIICII ATIRNlUT UEFIff NTI
U112147 U152U 112322 L124U3 L13151 LIM12
11126 LM3151 13521 LIMN21 L222122 1263
UIUN 141211 L15=3 11213 L741W 11371
113464 11311 Um243 11341 Lam 632

1AM

I ER MOTOU DATA

OW EE (IIV), PUSIDFCT EFFIECW WA MM FLIKI FIENCY

S-RAy Dems (mmY
tum~ L.360 11111 11088

K I-RY ACCIMKATO NAlEf ETIJ=iT
1EUU 1Jlm lilIA 1JAN

AEFI RICTU [ERI (MMY
LOW Lum WOW

AIMD EUCTRI ACCAULATI RKLATIV EMM2~S
1AM 1ý lie=
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....... ..t...f ..f . ...tt f..... .................................. ftt~f ft* f

BMW~h =2 RON. MAR FROM PRGM IPAC?

WOMEREIMUUTAPAC TARM= 2

Crur hitinorn 3 N1 MOV Binru k PUMA, &2 Ii, IIeh ....n.. .......

MAIIRIA KWSA em
1 S11S3+h1 L1551+U

I A w
IL1NSEl L1UE+I1 LiM.-i1
LWSO+I1 L12311[+2 WDSE+U
LUW+mi 115UK+R31 ~MK+N
112 f MPn WE ON RU AL KY EC MA mU DAN owA LMAT
1 5 I 1 3 1 1 3 S42J1U1N+31.2 7344+UhiI2UlE+I1 2

RATAPEPMTFUIATAACUT 1 34 22 3 121 7.51U7[+h

MAU=IM OW1 Koo
2 L11R5-12 12253W+8

z A w
173U+I1 11=871+32 L1230+10
IROUE+1 115931+2 112RO+U
I2ET TMW lap WE O AR AL =T N3I owA [mA [mm m LMAT

2 5 1 1 2 1 1 8 SU1UlUW+321.5272443+*SU423323-4- 2
ATARPIIPTA FU MTAACSET 2 54 22 3 121 114323+1

MATU=M KUTY K=
2 O 128+ 11 1LOW88+ 0

Z A w
LIM + 11 1UM + 11 *27501 + N
LNU8+h1 113933+32 1725K+N
W = fla 1W WE KU IM ETC IN AR [MAR BAN amA LMAT

3 5 1 1 2 1 1 8 3 12gIUau+U 21m248+UULI2012+31 2
IATAPEP UTA FOIRTAAC T 2 54 33 2 121 3.32728+31

CRUM/T3MAI RNMMTNUFSRATAAC IT 3

MEAME WMISURNS CUO ECIUM FU ATAAC WT 2

MUVATEI 0MMUAI MUMU WTIIUUS W UTAPAC NY 2

LAmA- EONFRINU HWuT FI NUEIPlAIUm

EIAI-MYU MIFIIMUTAAC XT 2
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PAR Elifhull traY EUnE Wf (tl)
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* IMPANE 9 ROA EIOIEMEEIS AUIKAIU

=0 OF MATN= =UECIUFILE WUl = 2 / 11
*MAWN =0 ROVROM H RAPURNIM ATERIA /mN 3 1

LIA O HVTW= CmInmhWuefGO im~ = 64 I U
HmRem 1EIT10 mIF2 ftn VFIum RIm mm am = a/ IaS
IWO ow INO mmIFMPN L EN&POWL WERI /a UP = a1/ 41
BIITAMU NOECL901FWMNPNIAREM ICA1EEANMON AMU M = 33 :32
PETE AIENEO 111111 III MNPWIM IKEN lT AMR I WANI = 21 I21
WE OW GO IAM FE SAPrwMtPU~MAlli NI=m = 25 25L

HUMIEMRIONUMW3 FE W=MtFIE~l PEP AM RIA I I
FETE o ONT EUn 1211 F m NPl FITI-EumECIIII ORUI l 123 17
RECTUM Al1W ON LEIAM FN UNPUM FKIISTUEJ.CTO NWSCIK I Em 21 I21
WN OW IEUNO OMI' UR NPANG FAUECTW BRKT PIE 1 117

RECTUM amG E UNITO Ul N alUG PAs ELECTUN emG 0 21 1 21
SIMIA FECTRNIN EU EAMPLE EIUSI 31 OW5 LO IAG~G IMW au low6 I 11
LANDA UCIN= G= FE UNPLUG RECTIUNEERGY 13 CIAWA /KMLA = UN ONE
MAW~I N =0 OF TALRB Of PU1T CUD VCTIN / HTU =1 I15
MAXWN fMUIVPTN 00 VCIINTAKLE WNTAN 48 41

MRS~~JMA N HEM ElUm mn I
= OVF UTEEMCAPEEEGW IN hulA! I mlE
MURSOf HCTEIN EW PEFAAMUEENO fimw Ile u
NO 9 PUIITEEHCAPEFEAXWNOUE owUR I/ x
UNITIofUSW SRIMERTE /USE NO Up 1 El
EUO W PILE KIM o E NO I LUMAX I/ ES
WUOVDIfHCTW IUREXENERGW IlEl =RA 1 1 5

EUROFV Pam1 FEX fIJKhMN /INJI= Il N
WUO V ELECTIN FLU MIS 1PM I/ n11
mwR Vf MlTE HeX lINE /11? I/ 1n

EUO Vf P19112 lINES flON 78 N11
IE Vf maRy WIEEuA[ m:l ESrIIIEIIN I 1M =4M2 4725

111 Vf Inv EFREflA NUUSEWSTIUUIO NOR 3 185 3185
IEUSIM 9WOUfUNIM DAMULA~IIIJO /51 N = 2112 I2112
KNif IECTION [MR AZIMITEAANIMRINS /mA = 1 I1
N. 9PEITONM E~PA21Mh11 ANILE INS /EUAm Il 1
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M03 Of OM urS = 78

KANT FM -l DcTum FO13

MD MATINU (CM) (CMA) (CMA) (MR) MMv FIAUS
1 I UmK+N 142+N LIUI+U L2UU+l 1.UE+N LUE+U
2 3 LM2U+U 33211+U LUU+U lJU-11I J3E+U LUE+U
3 1 L42UE+U 172UE+U iIAM-01 LNI-11 l.UE+U LUE+U
4 2 L4=U+U LflUE+U UNIK-11 J5UE.U IJE+W LUV+U
5 1 L42UE+U L7200+0 lJ5WE-N IJEU+U lAhE+U LUE+U
8 2 LM2U+N L72MNE+ 1J5U+U 2JMU+U 1JIE+U LUK+
71 U 12U+U L72UE+U LIU+N UMU+U 1ASE+U LUE+U
13 2 M23+U 17MU+U 4J5U+N IJ5U+U IEW+U LUE+U
I I L4230E+N L72UE+U 5i5U+U U5W+U 1.UE+U LUE+U

11 2 L42Uff+U 172UE+U USU+U IiIE+11 1IA3+N LUE+U
11 1 142U+U 112M1+U 1JSSI+llI Wl 5+I lE-i- LUE+U
12 2 142UWi- 172f-i- 1J156EI- 2JIE+I1 1U3E+U LUE+U
12 1 142U+U L72U0f+U 2A50E+11 L2U1E-,- I 1U+U LfE+U
14 2 172UE+U C7720E+Il LUU+U L2.230Kil 1JII+U SLK-i-
15 2 4J72K~il1 42220K-i-I LUU+U iJIK-11 IUE+N IWNK--
if I 4.fl2K+31 4.302K-i-l I001K-11 5U00001-IAS1 L~liU 11KN
17 3 4.72K+I 4.202K-i-l 15000-Il 1.300Ki- 1A311-i LW0+U
13 1 411KIM-Il 4u020K+Il liNDE-i lIX00+U 1UE+U USEi-U
113 2 4772K-i-l 4.382K-i-l 1.350K-i- 2.300+U l.E+U LUW+U
2N 1 4.7720K-i-l 4.302K-i-l 2.310-iU 4i500K+U lEE--U LUK+U
21 3 4TI26K+l1 4.320K-i-l 4.588K-i- 5i00+N lJUE+MUWLNK
22 1 4J12E-.-11 4.20200-i-l USOO+U 1i500+U lIUE+U iLNK-i
22 2 4.112U.i-l 43020K-il IJ1350K- 1i05+Il lIUE+WUW10Ki-
24 1 4.71290+31 4AR02K+Ul 1i05+3 lUIK+U lA3E-i-U 13K-i-
25 2 4.7728K+l1 4.30U1+l1 1i15+ll 2USOK+ll lIA3+NU INK-
2N 1 4312K-il 4.302K-i-l 2i850+l1 L223K-i-l 1KM-i-U LUK+U
17 1 4.202K+3154811 13600K-i-UN L223K+I1 131+36 LUK+U
28 3 U440KI W940K-il1 1000+U IMUM-11 1.311+3 LIIK+N
21 1 LU441 I L7W4+lIAGM300-11 LMMN-11 iA3E+NU LN+M
m 2 U440+l1 W948Ki-l1 15M00-Il iSUK+U 1U1+N LUK+U
21 I U440-i-I W940K+11 1i50K+U 1i5=0+U 1.331+3 IiI+N
22 2 LUWA+l U74W+31 lJ5U+U 2JLKi-U IA1+0f-iU I+U
22 1 L8440+11 U7UK+Il 21500K-iU 4356+U 113ff-i UIK+U
24 2 5J44lK--l WISE-i-l 4151+N U500+N lihFf+NU SlKi
35 1 U14+Ul WLE-i-I~l USU+N- 1150Ki- li3EU-i LUE+U
* 2 5544K-i-l U97IS+l1 I153K-i- huSK-il Il3+U LUE+N
27 I LUIISKi-l L7WI+l1 1.365K-il 1350E+11 1151+36 LUK+U
38 3 1111K-i-l WISE-i-Il lU5IK+I1 235K-Il IlKffi- INK--U
n I LSIIS+l1 WLE-i-~l 2350K-i-l 2133K-i-l lIff-i- LUK+U
41 1 WLE-i-I~l U51UK+I1 UM00+U 2.2DE+S 113ff-i-U 16Ki-
41 2 15111E+I1 U518K-i-l UUIE-i- IAM-1K-I iFf+U LUE+U
42 1 UlIUKi-l S.SUW+lI 1336K-I1 LUE-Il115ffi-UN SUK+U
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43 3 151081+11 154301+11 15W-11I .3U0+08 130+08 111+U
44 I 15110+11 154381+11 1.3=0+08 1J531+U 1J31+U 111+0

46 I 15111+11 L54001+31 U5081+N U5=NE+ 1.33+0 LUffiU

47 3 15150E+l1 154881+1 4J500+U LJ5U+U 1IA1+U 1301+0
48 1 51M8+II L54381+l1 USIO+N LJ5U+N 1.33+0 LIOE+N
413 2 51W6+I1 154=0-iIl USOOE+U lU5O+Il 1331+U 110+U
w6 I UISE+Sl IMWA1+6 1J15EIl 1J158+6I UIIK+ 1101+0
51 3 151301+11 1548+11 19IE5+Il UI5IE+3 1.33+0 1MW-i
52 1 515IU+Il L54=0+11 LUSE+I1 2.2WU+Il 13I-+N IUE+U
53 1 L5431f-i-l 7.2111I- 1U0+U 2.2U3+Il 1.331-iN IE+N
54 2 7.2338+11 1.41MA-iI UIN+N 1JUNE11 1.311+0 LWE+0
55 1 M231+6 7AAIIE3 tUNE-11 L5M108K-IM+ 108-iU KE
M 3 2 7J=481-l 7A130E+3 ISNI-Il lIUE+U l.33+U UIE+U
57 1 7M228+11 7.4130E+I 1J530+U lJMU+U l31+U 1MM-i
53 3 7.3=0+II 7AIUE+Il l5ME+U 2J5U+N 13-IM-U INK-i-
* I 12381+I 7AlUOE+Il tUMNE-- U508+N 1J3+U IUE+N
*8 3 72228+31 1.41301+ 4JMU+U 51501-i- 1J3+U LUE+U
11 I 7MW80+11 7.4130+31 50588+U 3.3500+0 l31+U LU0+U
92 3 7.3W8+1 7AI3OE+Il 11588+U 1.3050+l1 1JU+U IUI+N
6a I 7233+11 7.4130+Il IJM581+I M l 1i30E--1 131i- NK-
64 2 72280+l1 7A4131+Il 1.350+11 2.0081+1 10IM-U UIE+U
IS I 7.2108+1 7.41381+11 t308+Il L2.288+11 1i0+U S.0+U
* 1 7.4138+11-i- =Il 520813 108+U 2.20001 +1 133-- SiDE-i-UK
*7 3 12088+31 12$=8+11 10888+0 I.3088-Il1.1J+08 1081+0
* I 921808+11 12188+11138Il A -1 5W101-I .31-- 1301+0
38 2 1208+I 288 1+11 158881-Il L583588112 +N8 131+0 108+U

71 2 12988+31 12981+3 1.3588+0 21588+08 1.0+0 1681+0
72 I 12388+31 12U88+11 U588+0 4.308+0 1.30+08 1181+0
73 2 1268K81+6 12388+61 4.388+08 5388+08 I0+N U 10+08
74 3 12688+31 129881+11 5.3588+0 3.30+08 1.33+08 1181+0
75 3 921881+1 92=88+11 3.588+0 1.350+31 1.33+08 181+08

71 3 121081+31 1.2988+31 1.3158+31 2.3081+1 1.3+0 1101+0
781 I NOA 1288+6 29801+3 2.3001+1 L2.288+11 1.30+U 101+0



ToMm nic crun I=

IN PaJmEMI ah m~ I UlmfO E11

XM =IA EL~UII 101 [MCi Y = 1J33U CIMO 11 I

suml PUTU FITN [ff31 Emaaim "E

TUOA = UMU KVIDE PE = UMN VCIDE

MEUIICTINA[ am R EHIENC DECTI

11 IFAANU Elm E1MATIS AMK E U31 11 BAThS Of 1. MMI: EACI
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EIICTNI-ERAP MWN CaUIa~u (HEm
351A 312N MhN227NN 234M N IKiUN INAUM
117uu AuM SLIM un

=WTUE="M muW Ulu flUIICAU (mum)
*ILMU 2NM -lul 41M 1A

Mum 12Mu 15mum IXMa

EUCMWIfh-EAMM A5110 W=111 CLNICIN E)
Inu~m
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* NTUAL OFT=

ELECTIO CKL~M AN RADMUl EMiY I3U STRAWSu

ouN OcKUITON PIOUlU

* MOWL ORA=I SATTSWU KILETUN

UMMUTA AM CUACTOMRI-MY WAT ATA WI~ME

EMUTIAN TI UM AR.E 9 EIUIA FIN 3 TABUATODIfUhO

R=TO-P3UU00D EIICIU FILIUWE

MATRUAL I
ELECTION PUR AT MAXIMNOM NONC Mi It L71:K12f+2 (CIICM"2)
I I-MAY $AIA NUT FKlLOWE
ELECTIO N EACT =ZATM NIT UMPLED

MATEIML K 2
ELECTIN MAIR AT WON MW mu MlY 3I LU42UE+fl (IICPA*2)
I X-RAY WARTA NIT FlLOWED
ELETION EPACT MOT=UINNT PUPlN

MATH .It2
ELECTIO MAN AT MAMENN EC EMALUY UO2M7+82 (CICM"*2)
I I-MAY SANTA NUT RUMOWE
DICTION EACT UNIAaaN ST SAMPLED

ANNINUTION FANTA fIUIWEI

TR VOIMEIMTUN 11 ý +l1
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31 M1W Fi-1 IU PUMA, uAlp, GUPMMA,SI IFArmw

IN RO11M 2IN PWREN GIMP IfiLD TOI= BlN LOS RNOWt 13AVROlEE PEI BATCI 3 41134

AVURAK MOM MO131= U1 N+ 12 1 HEY

TIN WfAL I =I 3 Of INCURREITITCUI B1411431531
To1 fI~t IAN IRR 9 IN CamEN lATh a 32111312

....................... I : ......................... . E J NJ ...R Em ----
PM VC M1C P1I PAM MO AMG1 Mil DAD BRAY IN PKAI M Mc

INN MU8 22504 1Io 1138 163 0 12314 141424 0 578 1 23722 UM45

I011 (HEY AVE MR11 (HMY IWRPIMIART MM ENEUTH
FI'T MWOC (ARV M T Is=) 15 +Ill 174131+1 21304+N 2254
1ThTA MNA (AOV TIll) 1iM534I 1033+13 2.24+u u2m3
PMUUTSEEMI 1J441E1 1323K132 t7253E+U 217252
PAR 13541F1+1 UM53+31 1.721M+13 1712
CEIPTIM 228211+11 4.475W-Il 4.5254E+Il 452L38
ADO1 10133+1 11383+13 10133+1 I
FIAT IIMNAIUN 2.22319+11t 4131K+II L1321+13 323
MATI IRMUTRILN LM453+82 .K 1.411+11A281+11 14121
I N-SAI(P-EIMAUIM) lUKO+N 11383+1 1135+13 I
I I-IAY(E-IM1ZATIAN) 11133+1 11133+1 111314- I
ANUIIATU llARA 92NIE11- 5138-I1 12811 122+uIn

OMBER AN 01111 (HEY PER OW PARTICLE) N13MOM PARTICLES MACTED FN RE IN IN0 111 M CU~hMl
I 1543+1 13
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MiM EAM FEClUI ... KNOC-U AW MT ENATM HICIIIKW AIIU MTOuK II-AY:

L481-12 4 UIE-Il 2 N1.K-I
I lUAUS 1M MATOM K 1, 9 M: FMl MAJIMI K2 Z IM

3.86+131 1W-i- U LW+UU0

1W+W 0U 1W+U LIE-f I
I I-UY F~M MAUDIA K 1, 1 IMUS FlM MATMrnAL Z 2MEC

LW4-UU 136+131N U6+UUN

lAMUA IXM
mm P-rnC -

IM-12 4 1.761-2 3 2141-32 2
I MY:U FROM MARIAL K 1, 1 -MY: FROM MATERU K32 ETIM

11014-UN 1361+1 U3 1361+11N

13101 [NEDM EXAM FIACMUI

Tmm

SIUCT~m...... PIM i......
=up3 Elow mm: mm mm ci n

1.461+1 1 242-311 I 4574 1261+1 LW-11 1 252142

KnCnM

MRS1 ENFfCT NINo 13161 em11 MRS

U+N N U+UUN 1 1.0-111 21111E-15 3 14213

LATERA EXM

-aiM. -- imT ......
RIE EDwT CNONT MIER owI mwU~

LOUR67-3 II-64 4 541 U51+U 2.6-fl I =271
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(NIMAMZ1 To MI Raw PAMflW

ZM MOTMIA MAU(WI) VOLWE(CC) PMN mNE lc MUAI
1 1 1.52131+14 1113+64 2.21431+11 1 -IJ214+U 5 1J3371+N33 L1325+11 1
2 3 MUCK4-3 1.420413 1111-3 2 -7J=171P217 43M18-2 7 4,817211- 1
3 3 1133+33 L4111-11 133 +031U 11U3+UU LMUN+3 1.11141+11111
4 3 4JUN11 12531-Il 15M1431- 1.1814-f131 iM-37132 21127-P121

5 1 333+U 2.544A1+3Of 11=3+N K UU +N+ Of 138+33K 1333+33Of
3 3 3.327-I 2UN11 17U-1 L151-UK0 1.24431-213 If tfnK-S4 24 1AM123-f 17
7 1I 1308+33 1.1210+81 130+N K 1338+N K 11U+U K 1 8+N Of
3 3 2.483+33 1.420411 2.42-U5 Of 4.1151-U5 33 7UlUM 72 IJI13-64 O
I I 1LU81+3 1.22721+81 13303+N NU W+ f01+3 1108+333 11M3+33Of

11 4.36K+33 111531+3 13083+33Of L 4-13-Of 2JI89-M1 V 332K-U5N
11 1 1MK+U 2.732+12 13088+33 10 01U+33Of 1303+3333 U33+U3Of
12 12 3 +33271+U 273+U0 1303+N N3 22K-541f.33 1341- Ii U 15- IS
12 I 1.8=1+3 7.72111+11 1308+333 ISUOK+U33 1133+N0UK K N3313
14 2 7.32711+11 5.3301+34 1.11181-1 IM 1.3311fl3 1.213K-P2 2 I -1.314I 2
15 2 248341-2 1L42481-83 4.3351-13230-2.5709-643 1 21 1M-32 2 112 -31-212
11 1 1.6881+18 8.411911 11000+333 13003+333 11308+KU LM83+NN
17 3 413 -11 - lim1351- 7.331-P 5 -2.33-P242 2.512K-fll 3 44=31-221
13 I 108881+3 2.544711+8 13038+333 13033+333 13031+333 1303+33
if 2 L -11331I 111K-Il 127071-P 7-13/771-KU0 11710-13V 27 147K1-2 7
23 3 W001+K 1.3122+11 W881+NN3 1303+333 13003+333 13033+33
21 2 2.4831+33 1.42481-11 1.5121-fl54 7.41181-K431 1.31711-fl322 LM15-fl31
22 1I 1383+33 132721+11 13038+333 1388+333 1380+333 1333+333
223 4.338+33 1.33501+11 1.3121-6485 15771452 LU41-IM21 W123031-l
24 1 10.001+11 2.792+32 1033+333 1333+NN3 1303+33 LM38+NM3
25 2 1321+33 2731K+3 13003+333 2.7511-8447 LM1.3-452 13331-638
21 1 1.0301+3 7.72311+11 13003+333 1330+333 1303+333 1330+33
27 1 1.5211+14 1.280+14 2.1451+11 1-7.11931-Il 12 13337+3 2 2.570K+11 1
23 3 2.48341-2 1.42481-fl 171701-f 12-2111-3K-fl L 1421f 12 1JUN32 11
23 I 1080+33 141IM11- 13088+333 13883+333 1303+333 13003+33
21 3 2 OW 431-I 15-1-I 147551-P 7-4241M-fl11 2.341P11 7.1114-P2 1
21 I BO 138+3Of 2.5441+3 13888+33 13888+33 130 31U+3333 13383+3Of
v2 2 M11331I 1199-Il 4.5101-P 4 -1.1122F1-P Of 1.117K1-212 433851-P 22
22 I 1.08001+118 1.3132+31 10088+33Of 13808+33Of 13008+3Of 13803+3Of
34 2 2.4834+3 1.42481-11 M18381f 14 14838--4 22 15547134 17 121W-fl 11
25 1 18801+3 1.32721+31 13883+33Of 13808+33 100M+33 0 .11431+1833
23 2 4JUK+33 1.358+33 112K-4U 341332F1-U 33 2.321-KN 7SM-1-4 N
37 1 100881+3 2.7391+2 13083+33Of 13003+33Of 1308+33IN 113+33Of
2a 2 11337+3 271911+03 13003+3333 1303+333 .13171-1554 VON13 -54
21 I 108+33 7.72811[+11 1303+3333 1103+3333 1133+333.113314+1033
43 1 1.52101+64 1218+14 2.33+11 1 -1233-Il 22 1311+33 2 13118+31 1
41 2 2.48341-P 1424R1-f U E1.3221f V 11511-1455 1357-fl13 18 721-fl 14
42 I 1183+33 141IR11- 1103+333 1333+333 1138+333 1133+333
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APPENDIX B. INTERACTIVE DATA LANGUAGE (IDL) DATA
MANIPULATION AND PLOTTING PROGRAM

IDL is a programming language commercially available

from Research Systems Incorporated that is capable of being

used in a wide variety of computing and graphics

applications. In this work the IDL language was used to

write a relatively user-friendly program that performs basic

functions necessary to extract data from the standard

ITS/CYLTRAN formatted output files, rearrange the data into

proper data structures for plotting, and plot the data on a

selected device. There is no substitute for reading the IDL

user manuals as an education in how to use the language,

however, the following is a user's guide to using the

analysis and plotting program written for this work.

A. RUNNING IDL AND EXECUTING PROGRAMS

The IDL compiler is an interactive program that is

installed on the VAXStation 3200 in the directory IDL.DIR.

All IDL commands are compiled as they are entered, whether

they are entered directly into the compiler from the

terminal or as a batch stream from a command file, or

program. In this respect, then, IDL runs in a mode very

similar to PC Basic. To invoke the IDL compiler after

logging on to a user account, type "IDL". Some licensing
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information will be printed on the screen and the prompt

"IDL>" will appear. At this point, IDL commands may be

entered and compiled directly from the terminal. The point

of entering commands this way is that the powerful

capabilities of the language (which can be appreciated by

reviewing the commands and what they can do) can be used

without a lot of programming effort.

A complicated series of IDL commands, such as the ones

necessary to r,anipulate the large CYLTRAN output files,

should be typed into a command file. The format of the

commands is the same as if they were entered interactively,

but they are put in a text file using the text editor

available with the VAXStation 3200 (called EVE). After

constructing the command file, save it with a name ending in

the file extension ".PRO", for example MYPROGRAM.PRO.

To run an IDL program saved in a text file, type the IDL

executive command ".run MYPROGRAM.PRO". The IDL compiler

will compile and execute the program.

Output from the program can be displayed on one of

several devices with great ease. To display a plot on the

monitor, the command "SET-PLOT, 'X' " - ould be entered

prior to the PLOT command, which generates the plot itself.

X (for X-windows) is the default output device. To plot a

drawing on a Hewlett-Packard plotter which uses the HPGL

language, enter " SETPLOT, 'HP' " prior to the PLOT

command.
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B. RUNNING PLOT.PRO TO ANALYZE CYLTRAN OUTPUT

The name of the IDL program written to analyze the

formatted output generated by CYLTRAN in this work is

PLOT.PRO. The main program calls the three procedures

(which is the IDL name for a subroutine) called READ.PRO,

PLOTDATA.PRO, and REFDOSE.PRO. The IDL command code for

these four command procedures are located each in separate

text files of the same names. To run the program, all four

of these files must be in the user's directory (they don't

actually have to be in the user's directory, per se, but the

user must be able to tell the IDL compiler where to look for

them, and the IDL compiler must be able to access them).

To execute the program PLOT.PRO, at the IDL> prompt,

type the command " .run PLOT.PRO ". This assumes that all

four of the program files are in the user's root directory.

IDL will compile and execute the plotting program.

As the program is executing, it will prompt the user,

either through the terminal command window or by a mouse

menu window, for input or choices. If the user knows the

name of the CYLTRAN output file, the answers to some

elementary questions about the problem geometry and CYLTRAN

input zones, what kind of output he wants, and what device

he wants it on, the use of the program should be self-

explanatory.

The data reading portion of the program is Qenerally

applicable. That is, the PLOT.PRO procedure should be able

100



to read most of the data usually of interest from any

CYLTRAN output file, regardless of the problem material,

geometry, of number of input zones. This capability is a

tremendous asset in itself, because the user has the ability

to halt the program after it reads the data and to enter

commands interactively to plot or manipulate the data in any

manner desired. However, if the program is used for Qraphics

output on any CYLTRAN problem that deviates even in a small

way from the geometry of this work (cylindrical with annular

arrays of TLD's radially dispersed at regular longitudinal

intervals) the results cannot be guaranteed. Proceed with

caution.

More comments on the specific use and purpose of each

portion of the program are included in the source code

documentation for the program itself. The user is encouraged

to read through the source code briefly before running the

program.

,***********....******.*..,******eo~t•ttt~e**** oottettttet*e******.*e

meduIeszms, Paihu,zfact, aiap, eules,aumrfs,serle2,s.iu3,$
NF1ie4,ereS~b,WIruOdtPUc2,eletUneUy, tWUSeLNLNfl,N2$
NmNNpS•cup•txl,UccgptylKcuptxZaUcctyZ.$
accpxc, eptyS,uc, ptx4,acpty4,ztutgschle cbsiGS, k$

zNs=WO &titb="

ube~ce=0G
gtpu1 = {zN, uuew:0,iat:O •nf:0.O•n, tt:.OPrb:0.G•Peut:0.G1 $

la~t:0.D•pbstcut:0..•mu:0.~w.vee:.Oe~,u8ru.Rmu3) }
stu2= {a.zu,.Iin:Ga:Umf:O.O•~b:O.U•bO.ru:O.U$

ulu:O.Ojbtcu:O.GmassO.O•b~:O.O•ug arru(8),$
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;TW s do main . m saction

whisbe EQ0 isbelle
dmk@c=mm~uulTS OMwOC RWW.',Prwm a ad of iatn',$

WPrd~s. a standard pbr 1,'E 'Tkb=0)
cos chokse of

1: raddats
2: istiata

3: hul=l

Pbt¶YPI XMINSut tubhak the IN If
p4bt' or Uot.. iteractlv OL commans.'
It"p

;Thb procdur shoin be abi to read my output 0 proudced by the
;CTTRAN ITS cods. k may eves be abi to read ACCEPT MWtin ba

ut Its abty to do so bas nt be. tested.

C~ou PLOT,

uflhuLLkAZONI
moomme=", I~tkb=' asuess=O &1=0 J=O 13=0 &Ibg=D

prs`Type the mnse of tin ITS nowpift l
printor tua=T (a.u. juuoss.dhecterylcyco.Utl An,

epea, 1, Meains
for 1=0,14 do read!,1wd
WIU.E NOT EOF(1) 00 BEMl

read! 1, card *sg readin data
*0e Up key eahus
I strul(cardO,5) eq '1 ' thN beg*

emd! 1, card
;bd tin nowu of Zoeus am theuom u on " Worydt

mdread ahm
I sh udEcad,24) oq '5EIWKV DEPUEN W~ 8tr

Fewd! 1, card

read! 1. huruua='(24xU, urnes

Ageate a structirs Iep eadh law m
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t Nostiuc {I atIMUMbW:A0.10.t:.0,AeftO.
Nt:O.0.rb:0.0,reut:0.0,elcu:0.0,pbecez:O.O)
Zmuadn= roeflaeteinpstuczumoa)

;Thk section reads In zoea peomet data lopu umye ml o zoeus.
*Theu.NbWgOelZeOSSb Food VMuthfiet 900 .

for =0.2 do reAdl,,eud
r$Wdl,zmute
Zooinedwa=usew.momber
Zeesmet =zente~mtJ
zme.zbft= zaaetezft
zmm~a'rb=umetupi'aw
zaeajr= zemet.rk
NU.P~atzSUdtUW It
z~m.elat= zsmtu*.dcvt
z9Nu.pbetcht= zeatew.pbetcut

au
Amb the We

Estm.I(card,O,5)eq'* 'thembegh
mmdi.w1

Istrul(card,O,5)eq'* 'the
tlkb= strmld(Card5,74)

no
No

Atd the mng da stsanmd read It Wae the structere
I (strtrh(Itruld(cudl,,9),1) eq TimRC 001811101r) I

ad (a11 EU 0) them be*h
Thk maction pead Ma emmg depskime dat 1w WS40 zoeus.
jo read for mmr or fewer zeus, Yem wet dhmp t he of e
the atrectere accardll, Le. to read 959 noes set the Wu
;o "WWmdr te 950 wr,b gauera I smMheee Y, the omeMe
lewer mdlUb of50. Mlas, the uper Mi se II utemtlc*
;Wa mendl thaUt mumber Iwlia by 50 mbu 1, e.&. 85/50-1,
suj1=0.12

temipstmel = {zautaupl,mm~be:0.0,mt:O.0,mms:O.O~vdhm:0.0, 8
uaar.fkr~fr(S))

tealp = roplcate(tueustrocl ISO)

prht,' The paramter Obwwl m Wi shelbe sad te the'
prbZ,' nearest fewe mIbe of 50 to the umbr ao'
IrK , 'aput Zoeis ba the prebe.'

Pirt., 1wut= 'T Type the ushu ofbwW0,
P004 1owmak
towlp= replcatefteampsrc,zooee-sbwok)
for =0,2 do readl,wud
1w j=0,Ik(Iewmdt.hl.-1.0) de hbe*

nuQe50J*5O+40).Aot=tnal mat
zeeeOSJ*r0O+40).um=teopl mms
z*e@QP5Or50 +49).vekm=tapl whine
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zeme050r*50+48).ueeag=teuwl .uurg
1w l1=O13 do POUKf,1wd

nolw
raKil tell

zmeWEOs.:zenu-1 ).mt =tmup .mat w
NWi b=i. Ow:m-1 ).ue=temp.veW

SWam

pbL 'lad of data Me reached'

mod

PM pletiata

;Tbk gocudwo Is wuntie to pduce plots for the specS
CYLTRN geometr "ee stie b the thesi by m Yaw. R WE
webi mot polic mamlegu grphics for my other
-cutieimuate IMhOu my other pwgm for plettkeg
Mf SOtWu WE pehafbly he hi to this.

IXIMMON PLOT

ssres,swles5,surssstrucZelecteuergtwgKetmre,rel*It2,

rtefbaure4,ltsaccptx,accpty,scctx2accsptyZbde,

accspxlacu pt cst4acutumtt~ohlshls

'The purmeter modues mst he ist to dewbe the *mod of sets
.If anidw rimp used bs the prohial Le.S8 (78 zeoss),
;83 (756 zoeus), N (828 zsess), 55 (M6 zum), etc

11=0 J=0 kcheice=0 Icholcsl=G

grief 1wma= TC Type the mEnheo dolietecr

roa4 mildes
Z =NUuff(zmue)

rabs=0.0
zlac= 0.0

derle=ep@lcate(strcz~module)
sesiM = seres Serls2=m so &sSsrlm3= seres IWes=seIes

pWKt format = T What lo the worape elect,.. smega hs
MeV?.18Y

real delec nrg

104



Ala sactiun tlms ute of the target materialsu Wine sW d
mdoua vibes to ths dom ditabed by ezpubuet at Iste-Er
;a that a ruference In com be platted aplast Int calcultiuns

taredt= 0

zstart=O.O

sparate structUre;
;m far each roub at whic lua k inasaru. The klaf I mnuts
tIbeu dou umber of MW zooms pesUt at Bach rubsm. ls k
dlllereut lor each gemtry. The opper hK of I k

;(zeuu-umuasare znus)/#auiir rimgs- I
Fur saria of8 LI detctern wth me loterumetu target zoeis 1=0,5
Fer 756 beat nowuso LI destecters 1=0,62
Fur 828 best zeuw with 8 LI ldetctrsm 1=03,68
fer m6 best moms with 51 IFidetcters 1=0,54
;M uy sass the opper hR so I ka meduies

pochelce =6

prbt. 'Are thee my tarued actieos htwem detecterl
rins: for which

prit. ferut= T the dum wEl ut he platted? y or cm:$)

fur I=0,mddus-l do book
for J=0NTACS(zeu)-l do begin

I (geechc eq or) tham boom
surlulD.WD=zou(l +1*13).WD
seresW(.W =zaue(3+1*13).WD
=ph*es(.WD=zuu(5+1*13).WD
serls4w.W D=zvae(7+1*13).WD
seriesW.(D =zm(9+1*13).WD
serlsSwD.W=zeu(11 +1013).WD
serileslW=Z(1 +1*12)
serk9s2W=Z(3+1*13)
serlsswlI=Z(5+1*13)
eurles4W.Z= Z(7 +1*13)
hurbes5Wl=Z(9+I1 13)
aurks8Wl.=Z(11 +1*12)

eerbslW.WD=zeueO4+1*2).WD

eerhsD.W=zeu(S+r*12).WD
surlesflw.=zme(8+1*12).WD
ftrlessw.WD=zsve(1O+1r12).WD
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surWm(D1=Z(2+l112)
suN3Wl .=Z(4+1*12)
UerWn4Wl=Z(B+l*12)
Urhs5Wl=Z(8+l*12)
uurbs(D.Z=1(10 +l*12)

serba(D.ztac= (semi (D..sevufsuNDs1.mas)

seuiu2(D.zfact= (eerie 2Wosass/series (.vos)* I
(srus2B(D.an.kt-aokus(Uiutt)

ssrIuI()Zs3wlzac =(gp3.zg3(Ug)

mP (aa.~srla4W0)zrlutsaru4Uz

s~hO)swiztct=(swm5..umaahoWaub)

"srlua5(D.Z=ioum= umr)n5W"ouruDlsahs a
aarbin9.Ztat swlu2 sSW1)I ur/iru2dQW~vhu

(uerhoW~zr~t~5rho~jkft

mine
nowe

osubulral (O)1=s.u 0).t
"arWus(0) =w1n2 0) t
ftrlud(O)1= sruS().D t
Marlua44(0)= ura4O.zt

Waru3l =ea - all 1 ).Z In sumrlu, zt8
'Toarl i4lsow aluPak4ZIn)+arlm4W,

uarululown byshiarlaom yp -o +sruaSWlact
'Stop mW Mseob a)2+saPr~lxmW, Tact
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ca shelce of
1: be*

; Thiet ftIhlmuuphtst Of M 0epaIMIN VeramsZ Of al

;allw a Cheice ofso uuun grIpcedvn

['tChom a paphim device -',"X-wkbdew, S

1: ahtjhtT

3: autjpletCL7

4: astjist,'PV

Plot the Bata data tr referenes
I (tupteq5) tbhe boo

there we onhy 3 retoeruse bes
;Oenbl. isdts tar this targe
pletbpe2,rret2.dsh~trt~urbe(tke),$

YtIIM='Den (MeV/Iku)',S
xUkk = ulhbsal Distainse (gCOVA,
)ropaI=[1.Oe8-S8,1.Oe+021,s
xmang= [0,mm(ref2.z+10llpym=B

epb~ret2izreI2.*eucs~br= 2
xyents~ret2.z(retpt-l) + .5,$

P@t2de.bu(relpts-l),'r= 2.0cm'

010t=1008 (1MOVA)hus,
xtide='Lmkoltuda Distance Wg/s2',S

w uue= [.000 001,.xl rel . e)I, $m~
e@*trull zrotil.dmaecdwe=3
XYeetaPoul. :Fpetpts-) + 1.5,:

rell .ieu(retpts-l),r= 0.0cm'
ebt~ret2.z~ret2.Mmo,py.= B
"epbret2-zref2.dese,sele=
I (target e4 4) the. 8

xyeut,ret2.z(retpts-l) +1.5,$
ret2.fm(retpts-l),'r= 2.0cm' $

xyents~rtl.z(retpta-1) +1.5,8

"eprle~u3.Z,Pet3.dsse,sele=3
Xyeet,ret3.z(retpts-l) +1.5,8

* ret Sf3d..(r@tpts-l),'r= 5.0cm'
"epbtre4.z4rII4dtpaym=U
"ehLetIH.ZLret4.*wdes wee= a

* ~xyeutsreI4.z(relpt*-1) + .5,5
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x=1[10,181
=1= 8.08-08,S.00-0SJ

I (twrget 84 5) them Y=[2.O0-07,2.01-071
xySuts,M() + 1,O.9*Y(1),'Batua dotl'

;w lstt calculted dun
X target Is 4-PWIAalr/1-PUMMthsrs we o*23 reference goes
*ml. be the datm far the target. as don't plat "erbl

I (targst5)th. 8

I (target @44) or(target @45) thes
splt serla3i.4urWu.dsu(B),pa.= 28

Whe eus~tuWs.zurWn.iu(I),py.= 2
spbt~erbi4.4msrlss4.dsue(B),ptw=4
spbt,xw'bi~zWs6.ims(S),pajm= 5

2: how
;Tia msscio do" a plet of ugow 0deemls Versus Z for ai rad
wfth Z Omi In coatknsters

aiMw a chelce of sutpu oraphics deies
plltcheics =wmRsa($

[TChems a praphic device *','X-wbdows', 8

Case pletchelce of
1: set ltT
2: setjifttP'
2: set piot'PCL'
4: eet_*%t'Pr'

plst the Bites data for reference
I (target 84 5) thea begin

tMswe onlgy S reference loss
;g~vui Ma data for thie target
gist bM,re 2zrishreI2.desetRks= strtrh(te),I
ytll='Dm (MsV/ko)y,S
Mlet='Loneludimal Distance (m)',$
pup5= [1.Os-0S,1.Oe+021. 8
m'ug= [0,mm(ref2.zrv t)1psy=8

xysuts,ret2.nWh(refpts-l) +1.5,S
ref2.ies(retpts-1 ),lr=2.0cm'

mill du bogh

ytili='Des (M@V/ka)Y,$
utit='Loo*Wkud Dletance (m)',S
pue= [.0000001,.a(refl .das)1 S

mugs= (O,..(ref 1 nw~)Lpsju= S
xysus,retl .zrWh(refpts-1) +.05.8

refl1.deue(retpts-1),'r=0.Ocm'
@*tref2.uihKref2.iesewpsmi=
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I (ulst surgy IN 391.0) than boom
"spot,cW~txl,accepty,hat~@= 2
%tspsaccupt,2,accq ftyhutYb= 2

I (tuge sq 4) or (twist sq 5) than S
xyouts~ruIf~tw~ruflts-1) + .05,$

ruI2.imu(rsfpts-1),'r= 2.0cm' 8

xy~sut81i2.ZHtM(Nallts-1) + .05,S

s~t~rsf3.v'btrsf3.f~psy.= S

'r=5.OcW
s~hrl4.zrbtrsI4.dse,psyu =
xysuts,ru14.zrWh(relpts-1) + .05,ruI4.dm(rsfpts-1 ),S

r =20.Ocu'
x= 118,181
y= [1 .Os-07,1 .Os-071
1 (target sq 5) them y=12.Os-07,2.0o-071
xysut,x(1) +2,0.8*y(1),atuas dMta'
sphtx~y,psyiu=o ;,csier=3
eplt.[x(1 )-1 0,x(l)J,(0.5*y(1 ),0.5*y(1 )I
xymuts,x(I)+2,0.45*y(1),'Prvssuu CYTRAN Modal
I (target asS5) aid (elect energy eq 381.0) them boom

ip~i~aCmptJ3,wCCptyS,hfltyl = 2
"lot,acceptx4Anceptykihestjl. =2
"splt.x(l)-1O,x(1 )I,[O.25*y(1),O.25*y(l1, IL

hnestyle = 2
xyhut,x(1) + 2.2*y(1)/Date ACCEPT Moder

;01 the calculated Moan
;I tarist Is 4-PUMAairt1-PMMR~thsrve onlgy 3 reference bu
gies In the data for the target, as don't plot serleal

I (target me5) On S
splot'uerkial.~hwSIe dew() jpyu= 1

I (twreteq44)or (twigstsq5) thanI

she ph~srks2.zp~ tw rhe2.dmse()

@*~Lserks.zpbtserh6.due(S)

and
8: book

Althsmction does a pict of the osegy depth.i calculated at a
xuem raibls. The total enery deposied Is platted ever the valus:
;for depositio by such typs of ulictrem (Le. ~'iw, necoiudu'y,
;M Miscmu)

cblncal = wmsuu[wbat rubs WE psi ghtT','0.OcuW, 3
'1 .Ocu','2.OcWr,5.Ocu','1 0.Ocu','20.Ocu',I
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TLdt'JTKIvi=O)
cm cbWN1 of
I- hsgb &Situ=rm I LOWs=G.g Sood
2: book &MO~u~2Sr~ = 1.0 Som
3: kbe ftoaumbsmwlma &aabs=2.0 Good
4: kgb uarl=msu~u4 Srabm=5.0 S&W
5: &g aria=uu3 Aram=I 10.0 SUN
8: kgb aul=suru &30U= 20.0 SUM

adcm
ulmw a choice of autpt v mph imices

pbtchulcu=wýa(s
[Them a papblc lavIc -','x-wbdawu', 8
WQ',7Uc','PeaticIt',UTu= 0)

cm gbtichoel of
1: et-phieT
2: sat plt.'l7
3: set pbt.?'PL
4: sat plmtP'

raduhm= etrbg(rsuia)
inaxv= .axrsuas.iee) &uaWa= .b(ssr .9me)

tidm=strtrbi(tfth)+'IlRadkhm='+StrFPi(rhdra. ,j)+S

ytib=`Dsea (MV/kwl,$
xtlb ='longluib Mluan (s/cu2)',3

mange= 0,S0),uravW= (4.41
mutsserir(5)Jz+Zm lu(5).iem(0),Trbwl(
agbtv?'L 4s5Wb3.iS(2)

mph?.: J.rSarlmsi (4)
Auuts~s, - s(5).z+2,swqs(u).iese(4).'G-sas'

U'
be: g&

Mebw ownc of output gPaplilc do*"u
pistchoie = wau(S

[Thoose a Irsofts devic -lXwbduws,:I
WfU!,'PC.',Pustscat'1,Thb=0)

cms pletchelca of
1.setpbtT
2 t1set'Np'o

3: eetjbL?.tc
4: sajt PIuPr

401cm
;ahw nor to masks a caste. Plot with pvcsmW
-Asme
It"

old
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I (Pbtckbel sq 1) then 1=1
;I the device Is a hardcopy deisuc *Av the oti~i of pmebck

I (plintchelco sq 2) or (pbtchulc sq 3) or
(pbtchelc sq 4) themn
1=2

case Ilof
1: prbtCONTM NG X-WNdD S MODRE'
2: begin

bard: et j*Ls'K'
hardcopywmsmv(['Hardcwp Optim',S

'Prduc a Huicopyma the Pbnlsttr
'Hal. anvdjOmn to then pbt,'Ns Hudcopy',$

tikb= 0)
cass hardcopy of

deV*e,/CIas
II.='MW + strlswcaso(Ii.mams)
NWd = 'copy' + 1kt + 'cetaf:'
spaws, cmd
setPbtsL

2: beeb
pftt, '* Enter my adItlsua plot .uotatlun

btsractlvsl.*
Pqst '* Type cotbee to coutbu the pregram.

atop
gaet, hard

3: heif.
Istet. pbt'

mdemei~s

udc

prbt.'* ** Type .cunthu to hat the peropa.
prIt"* * r moour btesracti OL cmmiauds.~

It"
Isetoet.T
cbslce=wmsuU'Make a chfeloA

'Maim amother plot wkh Current data',
'Retmr to mab .euu,'xf'1TIU=O)

Case thewce of
* 1: sets, ep

2: Peters

sedu s



~3M Pat-oT

cs a t. ofw~taZ

targ~t dm:uaur(5u ) h ugt,

rUPf={rlr.uzIumr(5ept),zaccow=1arr(5)raeiuO.0

accopxl= EurrOospts) &acceptyl= Ear(ropts)

wccqt3 =Mwar(refpts) 9accepty3= Ikurr(ruipts)
scetuW4= ttwr(retpts) &swmWty= tKwr(rofpts)
roil .z= [11.50,24.58,38.00,51 .50,U.501
relildius=11=.0
roil .zilil = 14.58,0.68,14.98,20.28,26.141
rel2.z= rofl.z
rol2.nW= roll .zris
r.12.rdmf= 1.0
r1i3.z= ril .1
roI3.aWht= roll.zr~ht
rotS~raIha=5.O
roI4.z= rol .z
roi4.zrWh= rol .zpi
roi4.rads= 20.0
I (ebct emug at 381.0) thes hegis

roil .dm= [19.0,S.5,2.4,l.240.61
se~pxal =reflzmwh
ucceptl [20.0,5.4,2.1,1.1,0.651
rof2.dus = [3.2o-02,l .4@-0l,2.Su-0l,2.2.-0l,l .56-011I
acca ~pel2=ruvzW
ucopty= 125-WOZ.13,S3ZO.25,0.141
roi3.im = (1.1 u.04,3.2e-04,8.5s-04,2.Os-03,2.5u-031
acce ~peiS = roi W
accopt0= L4.Ou-04,2.9s-04,8.0oe04,l .86-03,1.9.431
roI4.dm= [1 .8063u31 -0U .0u-06,S.0u-06,8.0e-06J
wncpxs4 =ro4.zrWt
acetNW = [5.4.-06,l .8.-07,3.5u-0,5.5u.0,5.Ou-NJ1

n-
I (uhct usrgy 8q 200.0) onu Win
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Nfl .im= (5.A031.,.5,0.35,0.1SI
r.I2.im= (0.58,0.24,0.l9,0.1,0.055J
raiSidm= [1 .4.-04,4.3@-04,1 .13-03,1 .0s-03,2.05e-031
rsI4iaeu= [3.3e-DB,1.1o-05,1.83-05,1.35s-051

no

2: book ;iw Lead telwhd by Aboh
reI= {IWNwuEIzmuP(5),aqb:t:WrW),rasd:0.S,$

iss:olhar(5) I
Pnf =N PSI IM2 N OIn Si= Pa &ONi= eO
Nptm= 5
cuptxnl = Rwp(Npts) aatccuutyl = uY *)

acwwbi=twr(Nipt:) Saccuty=luhar(NPw*)
accsptx= awp(Nipts) Gaccut= mwr(Nfta)
2ccept4 =l flluyNptl) &acut@ 4= lrr(NP~ltl)
Nifl.z= 110.9,25.0,38.0,51.0,67.11
Nll .D'~ht= 1.29,8.81,11.93,7.05,22.321
Nfl .,,*i=0.0
Ni12.z= Nil .z
Ni12.Dabt= Nil .n'qh
Nif2.adki = 1.0
Nofsz=Nil .z
Nil3.aIqt = Nil .zrlh
Nif3 J'tdb=5.0
Nil4.z= Nil .z
NM.4.a%= Nil irokt
N@14.radkm= 20.0
*f (seLoct emrg e 391.9) tUn kokl

Nfl .im= [21.0,3.2,1.3,0.48,0.241
Uuptel =Nil.arwt
WAWcpy [30.0.2.95,2.0,0.550.2M
Nif2.UUs= [0.1 8,0.21,0.1 9,0.14,8.0@-021
accqWx= Ni2.vWt
uccepty= [0.2,0.3,0.24,0.13,0.11
Ni3.iose= [4.5e-04,1 .7e-03,2.5e-03,2.8s-03,2.8-031
ncitiS=pNiSirqgbt
uccept= [3.9@-04,2.29-03.4.1 s.03,5.5e.03,3.9e-031
Nil4.ieh= (5.0@-06, 1.5e-05,2.09-05,2.2e-05,2.1 e-051
acceMt4= Ni4JPWt
uceqty4= 14.2e-00,1 .3e-05,1 .5e-05,7.9e-06,2.8e-081

no'
I (elect w esrg eq 000) han balk

Nill.don= V7.5, 80,.54,.34,.41 1
Ni12.don = [.28,.21,.10,.055,.031
Ni3.dSU= (5.Se-04,1 .Se.03,2.Oe-03,2.4e-03,.0e-031
NI14.dm= [9.9e-06,1 .7e-05,2.3e-05,2.5s.05,2.3e-05]

no
ad
3: MWb ls PMA uiy

Nil= {OIW@Uce,EflUY(5),a'%b:mUYP(5),radle:0.0,S
due:mur(5))
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Nelpts=5
meIzi= RuY(Niptg) laccupyl= mRr(Nptul)

mcceubg2= Euwr(Nipts) ftccup=ty2ar(ruiptu)
uccuptK1=11tap(Nlptis) &accwWy= Err(Npts)
ucwUl4= Eur(retpts) &acapy4=MEY(Ntfpts)
lol.z=[190.9,29.0,30.5,41.9,51.31
enilrb .a= [8.72,17.44,26.57,35.71,45.101

roil .rs= 0.0
Nil2.l= Nil .z

rui2.raibu = 1.0

p~~niSINi5.0

NM4.Db= Nil .abbt
N@14.Pba m= 29.0
9 (uli~nc uwg eq 391.0) tOne khi

Nil .isw= 019.0,4.8,1.7,0.75,0.211
accoutl = Nil .iih
accept = 19.0,2.910.5,11.11,381
P9i2.10n [3.2e-02,1 4.-el,2.36Ol .2.26-01 .1.56411
acceptz= Ni2.PW~
uccupty= [5.8*-MS,.0h-0O2,0.230.30,0.701
N@13.iSu= [5.Os-05l.1.8-04,4.9s-04,l.lo-03,l.7s-031

wxeptyS= [2.0u@-05,5.4.-05,2.Os-0S,2.4e-02,S.0s-031
Ni4.iot = (2.0s-06,3.8@-06,5.1 e-06,S.5@h-06,7.1@-061
wA*Mt4 = Ni4.at

I (slnct U ss "ys 200.0) thmshg
Nll~d .i= [6.0,2.0,.85,.92,.981
roi2.doze = [.059,.2,.l 6,.09,.051
NIlSMUo= [l.ls-O4,4.4e-04,1.3*-03,3.2e-03,4.9s-031
Nil4.don= [1.2s-05,1.5s-05,1.7s-05,1.9*-05,2.0s-051

no
nd

4: beg* ;I -PiMMA lowed by. ow gap riWu by
;4-PMMAR

NIl= {NIsWUceMEl.Y(S),ZPWb:EWr(9),rI,0.0's

Pn = Pi &012 =Ni IWOiS=NPi L"914 = Pa

uceptsl=oSrNps acpy wops
mcceptl= Rumr(@IPtI) lepty=ftur(,oits)
sscet=Rmw(NIptIn) &Mmwupty=w,(ruiptu)

accepx4= mRr(p.Ipts) &acwstV4= Ewpoipts)
p'bftwmat='(Emtw Ons NOgt dW Wb i ma b 8
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P"U bpp
rull.z= [10.35,10.40,20.90,31.60,42.30,53.10J
Fill .aM = [8.72,48.02.56.74,95.46,74.l 8,82.901
ref 1.mais= 0.0
PFill.im= [10.0,0.55,0.50,0.45,0.30,0.251
aceptil poFll INpw
accapt [119.0,.2%.41%.34- 37,261
mmt.z= Mnll

FirUSSm [1.6.-03,1 .7oO2.82iZ4.5s-02,5.0642,4.5u-21

uc*W t= [321s-04,2.8S-Z.h@-02,.5e.027.0k-025.56-023

Fi13.nFill.!r

POMP .ah=5.0
PSIUMin= 12.Su-05,8.0g-04,U.5s-4,1 .3@-03,2.5h-S,4.08-031

accupt= [4.0OeS,2.Os-03,2.2u-03,3.Se-03,7.5s..03,8.Ou-031
Fi54.z1 Fil.!
efi4.DqsM=eFill .Wist

Fi14.pa3= 20.0
Fi*iflb = [4.59-07,4.Os-05,7.0e-06,S.0e-06,l.Oh-05,l .56-051

acceptA4= 12.1 m-07,5.5e-05,l .06-96,1 .3*-05,2.0s-08,9.5e-0SJ

5: heb * PUM luomwe by. i wp lbiweg by I-PIWA
Fit= (rfitupiuc6EaIY(9),lrbt:EuY(B),rah:0.0.8

pol=ro1F1Si2rf Gm2=PtImM3= rl &m14F=ipa
rfipts= S
pft~luua='(wbtmr the NOt of th Wb ma h S

= -M,),

eFil .z= [10.0,20.0,31.0,41.5,43.1,53.11
Fill.nbt= [8.72,17.44,26.18,34.88ý74.18,92.901
eFil rab= 0.0

mil Amu.= [0.00,0.00,0.00,0.00,0.00,0.001
efz1.z=reg~j

Fi12j'ib= 2.0
PFi2.dS= [1.0u-03,5.Se-03,l.Se-02,3.WOh-2,.ls.023.1e-021

moiu3.'=refl arb
XIFb = 5.0

Filsiu=n[B.06-05,2.7*04,6.46-04,1 .56-03,1 .0e-02,~l .421

rel~z~bt-Fll .u.b

FiMA~m= 20.0
FiM4.ISU 12.96- 8,7.0e-06,8.1m-068,.9u-08,.9s@-04,8.96-051
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APPENDIX C. SUPPLEMENTARY FIGURES

The supplementary figures are intended to enhance the discussion in

chapter 3, but are not essential to understanding the results of this

work. The figures begin on the following page.
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Figure Cl. Dose Breakdown on Beam Axis for Target of Figure 11 with

10000 Electrons. On the centerline the dose is almost completely due to
primary electrons. Note the lack of dose after a radiation length, which
is 34.4 cm in PMMA.

118



0~0

E0

o G

0- 0

I -Ill l l l I ,

0 0 0

EEC
ClC

II
C
0

00

0

I0

o 004 0 01

( ?ele / • /Ae• ]esoC

Figure C2. Dose Breakdown at 2cm Radius for Target of Figure 11 with
10,000 Electrons. There is very little energy deposited in the first
20cm. Note the reduction in scale from the previous figure, i.e the dose
is reduced quickly off-axis.
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Figure C3. Dose Breakdown at 5cm Radius for Target of Figure 11 with
10,000 Electrons. Dose is negligible until electrons reach the air gap.
Photon processes obviously play a more important role off-axis.
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Figure C4. Dose Breakdown at 20cm Radius for Target of Figure 11 with
10,000 Electrons. Note reduction in scale from previous figures. Also
note that the dose from primary, gamma-secondary, and knock-on electrons
is roughly equal.
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Figure C6. High Resolution Dose Distribution for Target of Figure 10
with Different Random Number Seed. Compare to figure 10 to see that the
random number seed can cause the results to fluctuate about 20-50%.
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Figure C7. Dose Breakdown at 20cm Radius for Target of Figure 10 with
Different Random Number Seed. Notice the small number of collisions
experienced in the air gap. The change in random number seed causes a
drastic change in the distribution in the air.
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